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Over the past century, researchers have been focused on finding energy-saving
solutions to reducepower consumption associatedwith various applications suchas
ships, underwater vehicles and piping infrastructures. One revolutionary technique
to accomplish this is by introducing a lubricating gas or a vapour layer between
the object surface and the surrounding liquid preventing the liquid from touching
the solid surface. This will make the object move more easily. Different strategies
are used to retain the gas-layer on the solid surface including a passive method
by utilising water-repellent surfaces that can naturally retain an air-layer on it
when submerged in water and active method by heating up the solid surface
to a sufficiently high temperature that could vaporise the surrounding liquid
(Leidenfrost effect). Many studies have beenundertakenusing the former technique
with limited success. Conversely, some experimental studies found that water-
repellent surfaces could hinder objects frommoving through liquid. On the other
hand, the Leidenfrost effect has been proven to enhance objects motion when
submerged in a liquid. However, previous investigations are limited to solid (rigid)
surfaces. Therefore, there are many open questions regarding the understanding of
these techniques. The aim of the present research is to study various solid surface
modifications and the application of Leidenfrost effect on deformable objects
in order to make the objects to move more easily through a liquid environment
(which is quantified in terms of drag coefficient). This was accomplished by a newly
designed and constructed experimental setup which is capable of recording the
motion of a free-falling object through a vertical liquid tank. Stainless-steel spheres
were used in the experiments to investigate solid (rigid) objects, and liquid gallium
was used to explore a deformable droplet. The surface of the spheres was modified
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by twomethods; water-repellent coating and roughened surface by plunging the
spheres in an acid solution. Surprisingly, the drag coefficient of the water-repellent
coated spheres was increased by 13 % compared to the unmodified ones. Moreover,
the spheres were coated with dry ice, which successfully produced a substantial
gas layer surrounding the sphere during the free-fall in water. However, due to
the difficulties in the coating process, this method was abandoned. Following
these, liquid gallium was used to explore deformable droplets. Firstly, the effect
of shape and deformation on the velocity and the drag coefficient of free-falling
liquid gallium droplets in water were investigated for different droplet sizes. During
experiments, the liquid gallium and water were kept at the same temperatures
ranging from 30 ◦C to 70 ◦C. The droplets formed were spherical in shape for all the
cases. The height and width of the droplets start to oscillate in shape as soon as
they fall prior to the dampening of these oscillations into a final shape of an oblate-
spheroid except for the smallest droplet size which remained spherical without
any notable change in shape. It was found that the rhythmic change in shape also
induced the falling velocity to oscillate. The oscillations amplitude increases with
temperature. However, the oscillation frequencies were sensitive to the droplets’
size rather than temperature. Subsequently, water in the tank was changed to a low
boiling point liquid (FC-72) in order to study the drag reduction by Leidenfrost effect.
The liquid gallium temperature was varied in the range of 40 ◦C to 170 ◦C. The fully-
developed Leidenfrost regimewas stable at a droplet temperature of 130 ◦C, andwas
illustrated by the vapour layer streammoving upward on the droplet surface. Unlike
in water, the liquid gallium droplets in FC-72 formed a tear-drop shape. The drag
coefficient calculated based on the maximum velocity achieved by these droplets
revealed a drastic drag reduction of about 57 % for the highest temperature droplet
compared with the lowest temperature droplet. Numerical simulation based on
two-dimensional lattice Boltzmannmodel (LBM) was also carried-out to study the
velocity field and pressure distribution around a deformable droplet falling through
an immiscible quiescent viscous liquid.
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Abstract
Modes of drag reduction on surfaces interfacing with liquids have received a con-
siderable amount of attention from researchers and industries due to the signifi-
cantly associated advantages in terms of energy-savings and power consumption
associated with various applications such as ships, underwater vehicles, piping
infrastructures andmicrofluidic devices. One revolutionary technique to accom-
plish drag reduction onmoving objects in liquids is to introduce a lubricating gas
or vapour layer between the object surface and the ambient liquid via different
strategies such as surface modification and by inducing the Leidenfrost effect. How-
ever, there aremany open questions regarding the understanding, effectiveness and
implementation of these drag reduction techniques. The main aim of the present
study is to investigate the effect of various surface treatment techniques on the
drag coefficient of a solid sphere and drag reduction by Leidenfrost effect on de-
formable liquid droplets in a free-falling experiment. This was accomplished by
a newly designed and constructed experimental setup to facilitate the capture of
the free-falling motion of both a solid sphere and a liquid droplet through a quies-
cent continuous viscous fluid phase in a vertical tank. The solid spheres used in
the experiments were stainless-steel spheres with a diameter ranging from 4mm
to 7 mm. The spheres were surface-modified by a perflourodecyltrichlorosilane
(FDTS) coating, roughened via an etching process and dry ice coating. No signifi-
cant differences were found for the etched spheres compared with the unmodified
spheres. Surprisingly, the drag coefficient of the FDTS sphere was increased by
13 %. The dry ice coating successfully produced a substantial gas layer surrounding
the free-falling spheres. However, due to issues with the uniformity of the coat-
ing, this method was abandoned. Following these, liquid gallium was used as the
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dispersed phase in free-falling deformable droplet experiments. Firstly, the effect
of shape and deformation on the velocity and the drag coefficient of free-falling
liquid gallium droplets in water were investigated for droplet diameters (spherical
volume-equivalent) ranging from 2.67 mm to 5.56 mm under isothermal conditions
with temperatures in the range of 30 ◦C to 70 ◦C. The initial shape of the droplets
after detachment was found to be spherical. Spherical-oblate oscillations began
immediately after the detachment of the droplet prior to the dampening of the oscil-
lations into a final shape of an oblate-spheroid except for the smallest droplet size
which remained spherical without any notable change in shape. It was found that
the rhythmic change in shape induced the falling velocity to oscillate at a frequency
double that of the aspect ratio. Moreover, increasing the viscosity ratio enhanced the
amplitude of the oscillations. However, the oscillation frequencies were sensitive
to the droplets’ size rather than their associated viscosity ratio. The experimental
results reveal that for a deformed liquid gallium droplet with a terminal Reynolds
number that varied in the range of 103 to 104, the drag coefficients were found to
be larger than those associated with a solid sphere in the same Reynolds number
range. Furthermore, the deformation is highly dependent on interfacial surface
tension and inertial force, while the viscosity ratio and pressure distribution have
negligible effect. Subsequently, the continuous phase was changed to a low boiling
point perfluorinated liquid (FC-72) in order to investigate the drag reduction by
Leidenfrost effect. The liquid gallium temperature was varied in the range of 40 ◦C
to 170 ◦C to induce an inverted Leidenfrost effect. The fully-developed Leidenfrost
regime was stable at a droplet temperature of 130 ◦C, and was illustrated by the
vapour layer stream moving upward on the droplet surface. Unlike in water, the
liquid gallium droplets in FC-72 formed a tear-drop shape. The drag coefficient cal-
culated based on the maximum velocity achieved by the droplets revealed a drastic
drag reduction of about 57 % for the highest temperature droplet comparedwith the
lowest temperature droplet. Numerical simulation based on the two-dimensional
lattice Boltzmannmodel (LBM) was also carried out to study the velocity field and
viii
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Over the past century, modes of drag reduction on surfaces interfacing with liquids
have received a considerable amount of attention from researchers and industries
due to the significant advantages in terms of energy-saving and power consumption
associatedwith various applications (see Figure 1.1) such as ships (Dong et al., 2013),
underwater vehicles (Zhang et al., 2015) and piping infrastructure (Karami et al.,
2016). Approximately 25 % of the energy employed by industry and commerce is
used to either transport fluids along pipes and canals, or move vehicles through
air or water (Jiménez, 2013). In both scenarios, a considerable amount of energy
from fossil fuel is burned to overcome the drag force. With a massive amount of
crude oil being consumed every year (about 30 billion tonnes in 2007), lowering this
amount by merely a few percentages would undoubtedly benefit the environment
by reducing the emission of pollution. Moreover, this will also lead to a substantial
cost savings.
The most typical types of fluid drag are pressure drag (also known as form drag)
and skin-friction drag (also known as viscous drag). In certain cases, friction drag
represents a prominent element of the total drag force. For instance, 90 % and 100 %
1
2 1.1 Motivation
Figure 1.1: Example of applications that can benefit from drag reduction: (a) cargo
ship, (b) submarine, (c) oil and gas piping infrastructure and (d) micro-scale thermal
management.
for submarines and long distance pipelines, respectively. In the pursuit to reduce
viscous drag, researchers often learn from nature to get inspiration for solution.
For example water-repelling surfaces of floating plants and aquatic insects which
enable them to easily move on and in water (see Figure 1.2). These properties
are caused by the ability of their natural superhydrophobic surfaces to retain thin
films of air (plastron) when immersed in water. Theoretically, this air layer can
acts as lubrication minimizing the effective contact between the solid surface
and water which can lead to drag reduction. Artificial superhydrophobic surfaces
can be developed by combining the modifications of surface roughness (micro-
and nanoscale texture), and surface chemistry (water-repellent material coating)
appropriately (Barati Darband et al., 2018).
The ability of superhydrophobic surfaces to reduce drag is attributed to the slip
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Figure 1.2: Photographs of example of superhydrophobic surfaces that can be found
in nature: (a) lotus leaf and (b) water strider.
velocity on the composite surface resulting from the entrapment of air layer between
the surface’s structure. However, the air layer only covers the solid surface partially.
Nevertheless, a 33 % of drag reduction has been observed in the case of a free-
falling superhydrophobic sphere in water (McHale et al., 2009). Recently, a uniform
continuous gas layer that fully encapsulated a solid surfacewas obtained by utilizing
the Leidenfrost effect. In result, a remarkable 85 % of drag reduction has been
achieved in a similar experiment (Vakarelski et al., 2011).
Moreover, the slip velocity induced by air lubrication is also proven to improve hy-
draulic performance in micro-scale applications such as microchannel cooling sys-
tem. For instance, a slip velocity of 60 % the average flowvelocitywas experimentally
measured along the air-water interface inside a superhydrophobic microchannel
(Ou & Rothstein, 2005). However, with the tremendous heat generated by the rapid
increment of power density along with the miniaturization of electronic devices,
the use of water or conventional coolant has reached their limit and becoming
incapable of providing sufficient cooling. Therefore, researchers are proposing the
use of liquid gallium or its alloy as a coolant to enhanced thermal conductivity for
the extreme thermal management (Ma & Liu, 2007). The interest in liquid gallium
and its alloy is mainly due to their outstanding thermophysical characteristics, in
particular, high thermal conductivity, lowmelting point, non-poisonous and low
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vapour pressure. Figure 1.3a shows it is safe to hold gallium bare hand and the gal-
lium is melting on the hand only due to the heat from the hand. The application of
liquid gallium in microchannel was found to double the heat transfer coefficient as
compared to water (Sarafraz & Arjomandi, 2018). Furthermore, owing to the unique
characteristics of gallium based liquidmetals, researchers have put a lot of attention
on utilizing them in various applications and established several remarkable inno-
vations in recent times such as stretchable radio-frequency identification (RFID)
tag that can be directly placed on skin (see Figure 1.3b) and inkjet functionalized
nitrile glove with arrays of strain gauges (see Figure 1.3c).
Figure 1.3: (a) Photographs of gallium safely melting on hand due to the low melting
point and non-toxic charateristics, example of the application of gallium based liquid
metal: (b) stretchable RFID tag and (c) functionalized glove (adapted from Jeong
et al. (2012); Boley et al. (2015)).
Among the experimental techniques to study drag reduction, a free-falling solid
sphere along the centre-line of a column containing a fluid has been extensively
utilised in previous investigations. Considering the practicality and theoretical
factors, this experiment continues to be the benchmark problem for the validation
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of constitutive models and to compare numerical code implementation on various
problems (Rajagopalan et al., 1996; Bot et al., 1998; Chhabra et al., 2003).
1.2 Aims and objectives
The present work aims to use the free-falling solid sphere or liquid droplet through
a quiescent continuous viscous fluid phase experiments for studying the drag-
reducing ability of several surface treatments; (perfluorodecyltrichlorosilane (FDTS)
coating, roughening via an etching process, dry ice coating) and the Leidenfrost
effect. The following are the objectives to reach the aim:
1. To realise a lab-scale system to investigate the behaviour of both free-falling
solid sphere and liquid droplet through quiescent Newtonian fluid.
2. To perform a large set of experiments in order to capture the shape of the
droplet and measure the velocity of a solid sphere or a liquid droplet as it
falls through the continuous phase utilising vision systems and image post-
processing tool.
3. To analyse the effect of varying the temperature of the continuous phase (and
dispersed phase in the case of a liquid droplet) to the corresponding drag
coefficient and deformation based on the measured velocity and captured
images, respectively.
4. To explore the flowfield around the deformable liquid droplet inmore detail to
get a better understanding of how it affects drag coefficient through numerical
simulations.
1.3 Thesis outline
This thesis is divided into seven chapters. After this introduction, Chapter 2 presents
the theory and literature review on hydrodynamic drag, drag reduction by gas
lubrication and the motion of free-falling solid and fluid particle. The details of
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the experiment setup and data analysis are given in Chapter 3. The fourth chapter
reports the results of the free-falling solid sphere through water experiments. The
effect of surface treatment and plastron layer on drag coefficient are presented
in this chapter. Chapter 5 and 6 deal with free-falling deformable liquid gallium
droplet through a quiescent medium; namely water and FC-72 liquid, respectively.
In Chapter 5, the effect of temperature on droplet deformation and consequently,
drag coefficient are discussed. The ability of the Leidenfrost effect on reducing
drag coefficient is investigated in Chapter 6. Chapter 7 describes the mathematical
approach and numerical method used in the present study to simulate a free-falling
deformable droplet through another immiscible liquid. The results obtained from
the simulation is also presented in this chapter. The final conclusion and proposes







Theory & literature review
I
N this chapter, firstly the basic theory of fluid hydrodynamic drag on
spherical solid particle and deformable liquid particle is presented.
A review on drag reduction by air/gas lubrication is presented next,
which helps to provide the background of this study. Then the review continues
with the work on surface treatment and Leidenfrost effect on reducing the drag
coefficient. Subsequently, the qualities of liquid gallium and its alloys along with
a short summary of their applications are reviewed. Finally, this chapter is closed
with general concluding remarks to highlight outstanding questions in the field.
Before going into the chapter, the reader should be aware of certain terminologies
used in this thesis to avoid confusion. In the context of the present investigation,
"particle" is defined as self-contained body which has a distinct interface with
the surrounding medium. The substance composing the particle is referred to
as the dispersed phase. The particle is called solid particle or liquid particle
if it is composed of solid matter or liquid, respectively. A solid particle is also
simply addressed as a solid sphere since the solid particle involved in the present
investigation is limited to a spherical shape. A liquid particle is also referred to as
"droplet" and the surrounding medium is also called the continuous phase.
7
8 2.1 Fluid dynamic drag
2.1 Fluid dynamic drag
Drag force or resistance to motion exerted by the action of the surrounding fluid on
an object while it ismoving, the surrounding field ismoving, or both, in the opposite
direction to its relative motion has been of interest to researchers for many decades.
The drag force usually consists of two components, friction drag and pressure drag.
The former is due to the shear stress induced by the viscous friction between the
fluid and the body’s surface which also referred to as skin-friction drag. This was
first described by Prandtl (1904) using the concept of boundary layer. Consider the
flow over a flate plate sketched in Figure 2.1a. In the region well away from the wall
(surface of a body), the flow is inviscid where viscosity can be neglected. On the
other hand, in the immediate vicinity adjacent to the wall known as the boundary
layer or viscous flow region, the effects of friction (known as skin-friction) due to
viscosity slows down the fluid velocity within this thin boundary layer. The velocity
profile image in Figure 2.1a illustrates the significant change in velocity normal to
the surface starts from zero at the body’s surface to a value equal to the bulk flow
velocity in the inviscid flow region at the outer edge of the boundary layer. As a
result, local shear stress can be very large since the shear stress is proportional to
the velocity gradient (Newton’s shear stress law).
The separationof this boundary layer from thebody’s surface iswhat causespressure
drag, the other component of drag force which is due to the pressure distribution
on the surface body. For example, if the flat plate in Figure 2.1a is rotated 90° thus
its surface is normal to the fluid flow as shown on Figure 2.1b, the fluid impinges
on the surface of the plate, and develops a boundary layer while it streams both
above and below the object. At the time the fluid has reaches the top or bottom of
the plate its momentum inhibits it from taking the sharp turn around the edge. As
a consequence, the boundary layer separates the plate and the bulk fluid. A low
energy flow develops directly behind the plate (known as wake) in the form of large
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eddies or vortices which radically reduces the pressure in the wake. As a result, the
front surface (high pressure) and rear surface (low pressure) of the plate experience
a large pressure gradient which generates pressure drag force. The pressure drag is
also known as form drag because the magnitude of the force is strongly dependent
on the form or shape of the object.
Figure 2.1: The boundary layer on a flat plate: (a) parallel to flow direction, and (b)
normal to flow direction.
The relative fractionof frictiondragandpressuredrag that represents theoverall drag
is dependent on the shape of the object as well as its orientation in the direction of
the fluid flow. Shapes of objects can be classified into two groups, namely streamline
and bluff. The rear of a streamline body has a gradually taper to a point or sharp
edge (e.g. aerofoil), while bluff body has a blunt rear face (e.g. sphere). As can be
seen from Figure 2.2a, there is almost no boundary layer separation experience
by a streamline body that is aligned with the flow direction resulting in a very thin
wake. In this case, pressure drag is negligible and the drag force is mainly due to
friction drag (similar to the case of flat plate parallel to the flow). For a bluff body
or a streamline body that is not perfectly aligned with the flow path, the boundary
layer separates from the body’s surface at some point which initiates the pressure
drag (due to the thick wake where fluid decelerates). The pressure drag exerts along
the object’s surface before the boundary layer separated as illustrates in Figure 2.2b.
The drag force FD is often quantified in terms of dimensionless drag coefficient CD
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Figure 2.2: The boundary layer on: (a) an aerofoil and (b) a sphere. The shaded area
behind the object represents the wake.
(McHale et al., 2011). The drag coefficient is defined by the ratio of drag force to the








where ρf is the fluid density, v is the relative speed between the fluid and the body.
2.1.1 Drag of a spherical solid particle
The evaluation of fluid flow over different basic geometrical shapes has often
provided the fundamental understanding for more complex shapes of practical
applications. Historically, a large number of fluid dynamics experiments have been
performed using spherical objects since this is the simplest and most symmetrical
three dimensional body. In particular, a free-falling experiment is a widely used
experimental technique in order to get the fundamental understanding of an object
motion behaviour and to determine drag coefficient (Christiansen & Barker, 1965;
Stringham et al., 1969; Happel & Bart, 1974; Marchildon & Gauvin, 1979).
In this method, a sphere is released from the top of a vertical column containing
a fluid medium. The surrounding fluid can vary from air to very viscous liquid
depending on the specific application or to scale down the experimental setup for a
high density object. Traditionally the terminal velocity of the sphere is measured by
a stop watch at an adequately long distance from the top of the column, where the
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sphere acceleration becomes negligible. The steady-state drag coefficient is simply
calculated from the measured terminal velocity using Equation 2.1. However, with
the advance in high-speed camera technology, the transient statemotion behaviour
also can be captured and the instantaneous velocity can be calculated by an image
processing technique.
The motion of a free-falling sphere in a quiescent Newtonian fluid can be repre-
sented by the classical Basset-Boussinesq-Oseen (BBO) equation (Clift, R., Grace,
























where g is the gravitational acceleration, ρf ,µf andmf are the density, the kinematic
viscosity and the displaced mass of the fluid, respectively. ms is the mass of the
sphere and k is the added mass coefficient. The left hand side of the equation is
the inertia force of the sphere. The first, second, third and fourth terms on the right
hand side are the submerged weight, drag, addedmass and Basset history forces
of the sphere, respectively. The submerged weight in the equation is deduced by
subtracting the buoyancy force from the gravitational force (sphere weight). Added
mass, also referred to as hydrodynamic mass or virtual mass is the increase in
effective mass that occurs when the sphere is accelerating through a quiescent fluid
(Konstantinidis, 2013). In a physical sense, added mass is the additional weight to
the sphere due to the accelerating sphere must move the continuous fluid with it as
it moves. The addedmass force compete against the motion and disappear when
the acceleration goes to zero (Pantaleone &Messer, 2011).
As shown in Equation 2.2, the sphere is subject to various forces that act in different
directions.Themost significant, however, are the gravitational Fg, buoyancy FB and
drag forces as illustrated schematically in Figure 2.3. A simple correlation based on
these three forces balance at terminal condition are given by Equation 2.3. Here,
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Figure 2.3: Free body diagram of a free-falling sphere.
the net gravitational force acting on a sphere is given by Equation 2.4, which is the
sum of the sphere’s weight and buoyancy force. On the other hand, drag force is
given by Equation 2.5, which is obtained by inserting the cross-sectional area of a
sphere (πd2/4) in Equation 2.1.
Fg − FB = FD (2.3)









where d is the sphere diameter, vT is the sphere terminal velocity, ρd and ρc are the
density of the sphere and the surrounding fluid, respectively. The drag coefficient







This equation is used to quantify the drag resistance of a sphere in a fluid environ-
ment which contains the complex dependencies of the object size (given by the
diameter of the sphere), the relative velocity (given by the terminal velocity of the
sphere) and the density of the sphere and the surrounding environment. A lower
CHAPTER 2. Theory & literature review 13
value of drag coefficient indicates that the sphere could move easily through the
surrounding fluid with a minimum resistance.
Originating from the pioneering investigation of Newton in 1687, who extend
Galileo’s theory of falling bodies by taking into account both theNewton’s second law
and drag force to determine the motion of a sphere through fluids, a large amount
of work has been reported on the drag coefficient of a sphere in incompressible
fluids. Apart from the object shape and its orientation in the flow (as discussed in
the previous section), drag coefficient is also dependent on Reynolds numberRe,
which is the ratio of inertial to viscous forces (Clift, R., Grace, J.R., Weber, 1978). In
the case of a solid homogeneous sphere, the shape is rigid and orientation of sphere
is the same at any direction, while the particle Reynolds number at steady state is





where µc is the viscosity of the surrounding fluid. The conventional correlation
between steady drag coefficient and terminal Reynolds number is depicted in Figure
2.4 which is known as the standard drag curve alongwith the streamlines around the
sphere at different Reynolds number. As is shown in Figure 2.4, in the sub-critical
Reynolds number (Re < 3×105) the variation of the sphere drag coefficient can be
divided into three different regimes. The creeping flow atRe ≤ 1 is known as the
Stokes’ regime, in which the flow inertial terms are insignificant in regard to viscous
terms and the laminar boundary layer remains attached to sphere without a wake at
the rear. The drag coefficient in this region can be estimated by Stokes’ Law (dashed






The onset of boundary layer separation occurs atRe ≈ 20, where steady eddies grow
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Figure 2.4: Drag coefficient of a sphere as a function of Reynolds number (standard
drag curve) and the streamlines around sphere at different Reynolds number (Bagheri
& Bonadonna, 2016).
in the wake and remain attached to the sphere up toRe < 130. At 130 < Re < 103
the wake slowly become unsteady due to vortex shedding. Combining these
Reynolds number range (0.1 < Re < 103) makes the second regime called the
intermediate regime, where the drag coefficient of the sphere continues to decrease
with an increase in Reynolds number. Finally, the sphere wake turns into fully
turbulent as Reynolds number increases beyond 103 up to 3×105. This range of
Reynolds number is referred to as the Newton’s regime in which the sphere’s drag
coefficient remains almost constant with a minimum value of 0.38 atRe = 5×103
and a maximum value of 0.50 at Re = 7×104 (Clift & Gauvin, 1971). Since there
is no general solution, numerous empirical expressions have been proposed for
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predicting drag coefficient of spheres associated with different ranges of Reynolds
number (Flemmer & Banks, 1986; Brown & Lawler, 2003; Cheng, 2009; Mikhailov
& Freire, 2013; Terfous et al., 2013). However, those correlations suffer from either
complicated equation form, limited application range and/or low accuracy (Barati
et al., 2014). One of the most accurate expression which has been used by many
researchers for predicting the drag coefficient of spheres in sub-critical Reynolds






+ 0.421 + (42500/Re1.16) (2.9)
This correlation is the extension from the commonly known Schiller & Naumann
(1935) drag (the term in square brackets) which is accurate for Reynolds number
up to 800. AtRe = 3×105 (critical Reynolds number) the well known phenomenon
called "drag crisis" occurs where the drag coefficient of a sphere reduces sharply to
CD ≈ 0.1 (Achenbach, 1972). The region at and beyond critical Reynolds number is
known as critical transition and supercritical regime in which the flow of both the
front and rear of the sphere are turbulent (Clift, R., Grace, J.R., Weber, 1978), but
spheres are rarely in this regime.
In order to describe the flow about a sphere in aNewtonian fluid, it is often sufficient
to specify the drag coefficient which has a strong dependence on particle Reynolds
number.
2.1.2 Drag of deformable fluid particle
Unlike solid particles, the shape of fluid particle might deform in accordance with
the interaction of interfacial tension and the fluid-dynamic stresses on the particle
surface. Consequently, the shape of a fluid particle is not constant and deforms
based on the local stresses exerted by the surrounding fluid. Generally the fluid
particle shape is classified in three categories; spherical, ellipsoidal and spherical-
cap (Clift, R., Grace, J.R., Weber, 1978). The interfacial tension force will drive the
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fluid particle towards a spherical shape, meanwhile initial conditions and fluid
dynamics forces are the major causes of deviation from the spherical shape (Loth,
2008). A fluid particle with a small deviation from spherical to ellipsoidal shape
is called a spheroid, which has two sub-categories namely oblate-spheroid and
prolate-spheroid as shown in Figure 2.5. These shapes are defined by the ratio of its
largest vertical dimension (equator) dv to its largest horizontal dimension (polar)




Particles are classified as spherical if the aspect ratio lies within 10%of unity. For an
Figure 2.5: Schematic diagram of typical droplet shapes: (a) spherical, (b) prolate-
spheroid and (c) oblate-spheroid.
aspect ratio bigger or lesser than that, the particle is classified as prolate-spheroid
or oblate-spheroid, respectively. In the limit ofE → 0 the shape becomes a circular
disk. On the other hand, the shape becomes needles forE →∞.
As mentioned before, fluid particle deformation occurs because of the interplay
between pressure distribution and interfacial tension. The pressure distribution
produces local fluid-dynamic stresses, which are controlled by the viscosity ratio
λ (which controls circulation inside the droplet) and Reynolds number (which
indicates whether the inertial or the viscous forces is dominant). Moreover, the
relationship between the forces resulting from surface tension and inertial forces is
characterised by the Weber numberWe, defined by the ratio of continuous fluid
stresses, which causes deformation, to the interfacial tension stresses, which oppose
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deformation. These independent, non-dimensional parameters can be evaluated








where µd is the dispersed fluid viscosity. While σcd is the interfacial tension between
the fluid particle and the surrounding fluid. A fluid particle in the creeping flow
(Re ≤ 1) remains spherical for any viscosity ratio andWeber number. However, at
finite Reynolds number, Taylor & Acrivos (1964) found that deformation is primarily
controlled by Weber number which qualitatively was summarised by Loth (2008):
• We 1: particles tend to be spherical in shape.
• We ∼ 1: small deviation from the spherical shape.
• We 1: large deviation from the spherical shape.
As shown in Figure 2.6, these trends are applicable to a wide range of Reynolds
number (from 1 to 104) for fluid particles moving through another fluid at terminal
conditions. However, these two dimensionless numbers (Reynolds number and
Weber number) are not independent from the velocity of the particle, thus they
cannot be specified prior to the experiment. Therefore, numerous experimentalists













The Eötvös number corresponds to the ratio of effective gravitational forces to
interfacial tension forces, in which the former is proportional to the density
difference between the phases and the gravitational acceleration. On the other
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Figure 2.6: Qualitative boundaries for terminal shapes for fluid particle (Loth, 2008).
hand, the Morton number which was introduced by W.L. Haberman and R.K.
Morton (1953) is an attribute of the material properties of the phases. This is a
convenient parameter as it is independent of the particle velocity or size. The
correlation between these dimensionless numbers (Reynolds number, Eötvös
number andMorton number) is depicted in Figure 2.7. The shape of a small fluid
particle, characterized by a small Eötvös number value (Eo ≤ 1) can be predicted
qualitatively as spherical. Despite the arbitrary boundaries of each principal regime,
a large fluid particle (Eo ≥ 1)is deformed into ellipsoidal shape atRe > 1. However,
this correlation is only valid for a fluid particle at equilibrium or steady state. In
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contrast, the Reynolds number andWeber number are useful for fluid particles in
the transient state and are therefore called dynamic parameters.
Figure 2.7: Shape regimes for fluid particle in motion under gravitational force through
liquids (Clift, R., Grace, J.R., Weber, 1978).
Thefluidparticle deformation is oneof themajor effectswhich leads to the deviation
of fluid particle drag from that of a solid sphere (Helenbrook & Edwards, 2002). In
consideration of the deformation, researchers proposed various modified drag
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models derived in terms of Weber number, viscosity ratio, Morton number and
Eötvös number. Similar to the drag models for solid spheres, most of the models
have limited bound of application (Taylor & Acrivos, 1964; Ishii & Zuber, 1979;
Tomiyama et al., 2012; Bozzano & Dente, 2000; Rodrigue, 2001; Kelbaliyev & Ceylan,
2007). Nevertheless, a simple correlation was proposed by Liu et al. (2010) which
was derived from a linear interpolation between a solid sphere and a solid disk:
CD = CD,sphere(1 + 2.632y) (2.15)
Here, CD,sphere is the drag coefficient of a sphere at the same Reynolds number and







where d0 is the initial particle diameter and dcmax is the maximum cross stream
diameter of the particlewhich can be estimated from the following equation (Hsiang
& Faeth, 1992):
dcmax = d0(1 + 0.19We1/2) (2.17)
Referring to Equation 2.15, CD approaches a solid sphere drag coefficient as y
approaches 0. On the other hand, as y approaches 1, drag coefficient of a solid
circular disk is recovered.
2.2 Drag reduction by air/gas lubrication
The determination of drag coefficient plays a key role in many applications such as
ships, underwater vehicles, aviation and, oil and gas piping infrastructure. Since
drag is oneof themost significant sourceof energy loss, reducingdrag coefficient can
produce significant advantages in terms of energy savings and power consumption
reduction which consequently minimize impact on environment by reducing
pollution as most of the mentioned applications primarily depend on fossil fuels
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for their energy source. Therefore, tremendous efforts by researchers and industries
have been focused on various technique to reduce drag.
hG
Figure 2.8: The interfacial boundary conditions: (a) no-slip, (b) Navier-slip and (c)
multiple interfaces.
In recent years the use of gas lubrication to reduce hydrodynamic drag has been
a topic of intense research interest. For a liquid flow over a solid surface, the
presence of a significantly low viscosity thin gas layer on the solid surface could
reduce friction drag (McHale et al., 2011; Aljallis et al., 2013). This is due to
the low viscosity ratio between the gas and the liquid (typically on the order of
10−3 ≤ µgas/µliquid ≤ 10−2) and modification of the effective boundary layer at the
surface (Tokunaga et al., 2011). For a regular solid surface without lubrication, the
standard boundary condition imposed at a solid-liquid interface is no-slip boundary
condition (see Figure 2.8a), where the velocity of the liquid equals the velocity of
the solid (Rothstein, 2010). Although this approximation has proved to be greatly
successful for a huge range of flow conditions, it has been noticed to be insufficient
in some cases where a non-zero slip velocity at the solid-fluid interface is observed.
In this situation, Navier (1823) proposed a slip velocity us proportional to the local
shear rate at the wall and related to the velocity gradient by a length scale b known
as slip length. The slip length represents the distance below the solid surface at
which a linear extrapolation of the velocity profile would fulfil the no-slip boundary
condition (Lauga & Stone, 2003). This condition is known as Navier-slip condition,
depicted schematically in Figure 2.8b for a two-dimensional flow of a liquid over a
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However, for a problem involving multiple interfaces such as a liquid flow over a
solid surface covered with a uniform gas layer, the presence of the lubricating gas
layer significantly lowers the viscosity near the solid surface. As a result, the flow
slips over the surface reducing the velocity gradient of the boundary layer, and the
viscous shear stress on the wall is decreased due to the eliminated contact between
the solid surface and the liquid. This fully gas-encapsulated solid surface boundary
condition is depicted schematically in Figure 2.8c. Here, the effective slip length
can be determined by the thickness of the gas layer hG and the ratio of dynamic








Moreover, if the slip length is increased approaching a full-slip condition, such that
us equals the bulk velocity of the flow, all of the skin-friction drag reduction could
be achieved (Ceccio, 2009). Hence, significant research efforts have been focused
on developing a variety of strategies to induce coverage of the solid boundary with
gas layers.
2.2.1 Surface treatment
Surface treatment is a passive drag reduction method which typically involves
modification to the shape, roughness, chemical and/or mechanical characteristics
of the solid surface exposed to the fluid flow. Inspired by the unique water-repellent
properties of surfaces in nature, such as lotus leaf (Barthlott & Neinhuis, 1997)
(Figure 2.9a), rice leaf (Bixler & Bhushan, 2012) (Figure 2.9b) and butterfly wing
(Wagner et al., 1996) (Figure 2.9c), themodification of surface roughness to enhance
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surface hydrophobicity (hence superhydrophobic) has attracted great attention as
a new technique of promoting an air layer on the solid surface and reduction of
the skin friction drag (Bixler & Bhushan, 2013, 2014; Kavalenka et al., 2015; Si et al.,
2018). This is due to textured hydrophobic surfaces naturally retaining an air layer
when immersed in water (Rothstein, 2010; McHale et al., 2011; Dong et al., 2013;
Jetly et al., 2018; Panchanathan et al., 2018; Jetly et al., 2019).
Figure 2.9: Superhydrophobic surfaces in nature: (a) lotus leaf, (b) rice leaf, and (c)
butterfly wing (adapted from Bixler & Bhushan (2012, 2013))
An object can be hydrophobic if it is composed of a hydrophobic material or the
surface of the object is coatedwith ahydrophobic coatingmaterials. Hydrophobicity
is related to surface wettability which is characterized by water static contact angle
(WCA). When a water droplet is deposited on a smooth solid surface and is in
equilibrium state (see Figure 2.10a), the WCA is measured from the solid surface to
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the tangent of the droplet at the three-phases solid-liquid-gas contact line which is





where γSV , γSL and γLV are the solid-gas, solid-liquid and liquid-gas interfacial
tensions, respectively.
Figure 2.10: The schematic diagram for: (a) the three-phases contact line and the
contact angle on a smooth surface and (b) Cassie-Baxter state on a rough surface.
It is commonly accepted by the scientific community that a surface is considered to
be hydrophobic if theWCA θYe is more than 90° (Law, 2014). However, themaximum
WCA that can be achieved by a smooth hydrophobic surfaces does not exceed 130°,
which is obtained from some fluorinated materials (Darmanin & Guittard, 2014;
Si & Guo, 2015). Therefore, the introduction of surface roughness, usually in the
form of micro-nanostructures is essential to enhance the hydrophobicity beyond
this limit (Roach et al., 2008; Shirtcliffe et al., 2010). The surface is denoted as
superhydrophobic if the WCA is more than 150° (Law, 2014; Si & Guo, 2015). On a
textured surface, the presence of surface roughness traps a thin layer of gas between
structures and consequently water is in contact with a composite surface of solid
and gas known as Cassie-Baxter (CB) state as shown schematically in Figure 2.10b.
The apparent contact angle in this case is determined by the CB equation (Cassie &
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Baxter, 1944):
cos θCBe = φSL(1 + cos θYe )− 1 (2.21)
where φSL is the fraction of the surface covered by solid-liquid interface. For a
solid surface with a heterogeneous three-phase interface, the water is partially in
contact with the solid surface. In the case of simple viscous flow over a textured
superhydrophobic surface as schematically depicted in Figure 2.11, at the location
above the solid surface where the liquid is in direct contact with the solid surface,
the velocity of the flowmust match the velocity of the solid surface to satisfy the
no-slip condition. However, the velocity could be non-zero over the gas pockets
between the structure resulting in a local slip velocity. As a result of the combination
of no-slip and local slip conditions, the liquid may flow with an effective slip length
approaching the case of the solid surface is uniformly covered with a gas layer (Lee
et al., 2016) as shown in Figure 2.10(c).
Figure 2.11: Boundary condition for textured superhydrophobic surface.
Ou et al. (2004); Ou & Rothstein (2005); Choi et al. (2006); Joseph et al. (2006) were
among the first to experimentally demonstrate the drag reduction on superhy-
drophobic surfaces for laminar flow in microchannels. A 40 % drag reduction in
terms of pressure drop reduction was confirmed in their investigation of laminar
flow of water trough hydrophobic microchannels combined with micron-sized
surface roughness as shown in Figure 2.12a (Ou et al., 2004). In a later study, Ou
& Rothstein (2005) directly measured the slip velocities at the air-water interface
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using micro-particle image velocimetry (µ-PIV) measurement system. They found
that the peak slip velocities were more than 60 % of the bulk flow velocity inside the
microchannels.
Figure 2.12: Measurements result for the flow through a rough superhydrophobic
microchannel: (a) pressure drop reduction as a function of microridge spacing (Ou
et al., 2004) and (b) velocity profile at different depths (Ou & Rothstein, 2005).
Moreover, the ability of superhydrophobic surface to reduce drag in external flow
conditions was also experimentally explored by researchers. Gogte et al. (2005)
studied drag reduction on a superhydrophobic coated hydrofoil in a water tunnel
for Reynolds numbers in the range of 1.5× 103 ≤ Re ≤ 1.1× 104. As can be seen
from Figure 2.13, their results showed up to 18 % drag reduction.
McHale et al. (2009)measured the terminal velocity of free-falling superhydrophobic
coated spheres in a vertical tank containing water. They have observed up to 15 %
drag reduction for Reynolds numbers ranging from 1× 104 to 3× 104 (see Figure
2.14).
Recently, Jetly et al. (2018) investigated the drag reduction effect on free-falling
superhydrophobic coated spheres for a higher Reynolds number range (3× 104 ≤
Re ≤ 3× 105). Their results in Figure 2.15 showed a remarkable 80 % drag
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Figure 2.13: Drag reduction of superhydrophobic coated hydrofoil compared with
smooth hydrofoil at different Reynolds numbers (Gogte et al., 2005).
Figure 2.14: Drag reduction of superhydrophobic coated spheres compared with
smooth sphere (McHale et al., 2009).
reduction. However, other experiments with superhydrophobic spheres have
actually reported drag coefficient increase. Su et al. (2010) conducted free-fall
experiments for superhydrophobic coated glass spheres in water. The average
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Figure 2.15: The comparison between drag coefficient of free-falling superhydrophobic
coated spheres compared with hydrophilic spheres at different Reynolds numbers (Jetly
et al., 2018).
velocity of the superhydrophobic coated spheres was found to be 0.94 of uncoated
ones. Ahmmed et al. (2016) measured the terminal velocity of free-falling laser-
textured polytetrafluoroethylene (PTFE) sphere through glycerol and 30 % glycerol
solution for Reynolds number in the Stokes and intermediate regimes. In both
cases, the superhydrophobic spheres’s terminal velocities were slower than the
standard spheres by up to 10 % (see Figure 2.16) corresponding to an increase in
drag coefficient of about 20 %.
Recent free-falling superhydrophobic spheres experiments conducted by Castagna
et al. (2018) observed both drag enhancement and reduction. They found that
the hydrodynamic load of a gas encapsulated sphere is dependent on the average
deformation of the plastron layer which is characterised by plastron aspect ratio;
drag coefficient increase as the plastron aspect ratio increase.
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Figure2.16: The comparison between terminal velocity of free-falling superhydrophobic
spheres compared with non-superhydrophobic spheres: (a) in pure gylcerol and (b) in
30 % glycerol solution (Ahmmed et al., 2016).
Figure 2.17: The drag coefficient of free-falling superhydrophobic spheres with respect
to the reference spheres as a function of dimensionless roughness (the dashed lines
highlight the linear behaviour and the grey arrow indicates increasing Weber number)
(Castagna et al., 2018).
Moreover, the plastron retained on a submerged superhydrophobic surface is
subject to instability. Themetastable condition is induced by various factors such as
air diffusion (Bobji et al., 2009; Poetes et al., 2010) andpressure fluctuations (Samaha
et al., 2012b; Lv et al., 2014) which gradually collapsing the air-liquid interface on the
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solid surface. In results, the dewetted condition of the superhydrophobic surface
slowly changes to wetted state (Poetes et al., 2010) which leads to a loss of drag
reduction effect over time (Samaha et al., 2012a).
2.2.2 Leidenfrost effect
Continuous delivery or generation of air/gas on the solid surface is essential in order
to sustain a persistent lubricating layer. One possible active method to create the
lubricating vapour layer is by utilizing the Leidenfrost effect. This phenomenon is
encountered when a liquid droplet is deposited on a surface whose temperature
is significantly above the boiling point of the liquid, the droplet enters a film
boiling regime (Bernardin & Mudawar, 1999), where a vapour layer is produced
instantaneously. The droplet is levitated from the hot surface and sits on its
Figure 2.18: The snapshots of a steel sphere held stationary in FC-72 when the sphere
temperature: (a) is above TL (film boiling regime) and (b) is just below TL (nucleate
boiling regime) (Vakarelski et al., 2011).
own vapour which acts as thermal insulation preventing the droplet from boiling
rapidly and evaporating. This physical phenomenon is named after Johann Gottlob
Leidenfrost who first carefully studied and reported it in 1756 (translated version
from Latin to English by C.Wares in 1966) (Leidenfrost, 1756). The levitating droplet
could be regarded as an example of ideal superhydrophobicity considering that the
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absence of contact point with the surface can be viewed as a droplet on a surface
with a contact angle of 180° (Biance et al., 2003; Quéré, 2013; McHale & Newton,
2015). In this condition, the droplet becomes highly mobile (Linke et al., 2006),
moves almost frictionlessly (Dupeux et al., 2011) and will involve a multiphase
boundary condition similar to the flow over a surface covered with a uniform gas
layer as depicted in Figure 2.8c for a two-dimensional flow. Thus, the Leidenfrost
effect is a highly potential candidate to be utilised as a means for drag reduction
(Vakarelski et al., 2012).
Figure 2.19: The snapshots of a steel sphere falling in FC-72 when the sphere
temperature (white arrows indicate the flow separation approximate location): (a)
is above TL (film boiling regime) and (b) is just below TL (nucleate boiling regime)
(Vakarelski et al., 2011).
Drag reduction by the Leidenfrost effect was first demonstrated recently by Vakarel-
ski et al. (2011) for a free-falling metallic sphere in a tank filled with a perfluorocar-
bon liquid, FC-72. The sphere was heated above the Leidenfrost temperature TL
of 130 ◦C before release in the tank in order to induce Leidenfrost effect. The use
of low boiling temperature FC-72 (56 ◦C) was preferred compared to water which
makes it easier to sustain a continuous vapour layer on the sphere’s surface. Figure
2.18a shows a snapshot of a 15 mm sphere with temperature above TL encapsulated
in a thin vapour layer in FC-72 and Figure 2.18b captures the instance of the vapour
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layer being disrupted by explosive release of bubbles as soon as the sphere temper-
ature cools below the Leidenfrost temperature. Figure 2.19a and b show the spheres
falling with terminal velocity at temperature above Leidenfrost temperature and
just below Leidenfrost temperature, respectively. Bubbles in the spheres wake were
utilized to identify the flow separation on the surface of the spheres. Compared to a
sphere at room temperature, a remarkable 85 % drag reduction was recorded for
the sphere heated above TL at Reynolds number up to 105 (see Figure 2.20). The
drag reduction was attributed not only to the friction drag reduction, but also to the
decrease in the pressure drag by the delay in the wake separation point (see Figure
2.19).
Figure 2.20: The comparison between drag coefficient (top) and flow separation
angle (bottom) of free-falling sphere in FC-72 liquid with and without vapour layer at
different Reynolds number. The square, triangle and circle symbols represent the steel,
tungsten carbide and agate spheres, respectively (Vakarelski et al., 2011).
Later, the Leidenfrost vapour layer effect on drag was well replicated for pre-heated
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superhydrophobic spheres falling in hot water (85 ◦C ≤ TW ≤ 95 ◦C) (Vakarelski
et al., 2014). Up to 75 % drag reduction was reported based on terminal velocity
measurement in their experiment for Reynolds numbers in the range of 104 to 105.
They also found that the vapour layer helps stabilize the sphere trajectory to fall in
rectilinear fashion as depicted in Figure 2.21.
Figure 2.21: The comparison between falling trajectories of free-falling sphere in water
with (left) and without (right) vapour layer for five independent trials with each result
is represented by a different symbol (Vakarelski et al., 2014).
Moreover, the textured superhydrophobic surface suppresses the transition from
film boiling to nucleate boiling thus preventing the vapour layer from collapse.
Further study was done by Vakarelski et al. (2016) for a wider Reynolds number
range by using perfluorocarbon liquid of different viscosities namely PP11 and
PP3. In their study, the ability of a vapour layer in reducing drag was confirmed for
Reynolds numbers ranging from 600 up to 105 (Vakarelski et al., 2016) as shown in
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Figure 2.22. Note that the results of their previous investigation (Vakarelski et al.,
2014) were plotted in the same figure (black square symbols).
Figure 2.22: The comparison between drag coefficient of a free-falling sphere in PP11
(red symbols), PP3 (blue symbols) and water (black symbols) with and without vapour
layer at different Reynolds number. The open and solid symbols represent the spheres
at room temperature and 450 ◦C, respectively (Vakarelski et al., 2016). Note that the
data for experiments in water was taken from (Vakarelski et al., 2014).
Most recently, Jetly et al. (2019) from the same research group, repeated similar
free-falling Leidenfrost spheres through FC-72 liquid but in a taller liquid tank. They
measured a remarkable drag coefficient of about 0.04 (see Figure 2.23) which is the
lowest experimental value of drag coefficient which has been reported to date for
free-falling spheres.
Vakarelski et al. (2017) also demonstrated a near-zero drag for free falling sphere
encapsulated by a teardrop-shaped gas cavity which prevents the solid-liquid
contact. In order to form the gas cavity, the sphere was either heated above the
Leidenfrost temperature or rendered superhydrophobic and released above the
liquid surface at a sufficiently high position to get a high impact velocity. Figure
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Figure 2.23: The comparison between drag coefficient of free-falling sphere in FC-72
liquid with and without vapour layer at different Reynolds number (Jetly et al., 2019).
Figure 2.24: The comparison between drag coefficient of free-falling sphere in FC-72
liquid with and without vapour layer at different Reynolds numbers. The blue square
and blue triangle symbols represent the projectiles in 21 ◦C water and 95 ◦C water,
respectively. The red square and red triangle symbols represent the superhydrophobic
spheres and Leidenfrost spheres, respectively (Vakarelski et al., 2017).
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2.24 shows the comparison of the drag coefficient of the sphere that is fully encased
by a gas cavity to a projectile of similar shape with the gas cavity. It is clear that
the friction drag (main drag component of a streamlined object) was substantially
reduced.
Apart from that, Saranadhi et al. (2016) used a Taylor-Couette apparatus with
superhydrophobic surface to study the effect of vapour layer on friction drag. They
found that the vapour layer dramatically reduced the friction component drag by
80 % to 90 % for Reynolds number in the range 26100 ≤ Re ≤ 52000 as shown in
Figure 2.25a. Finally, recent experiment by Soltani Ayan et al. (2019) in a Taylor-
Couette cell havedemonstrated that a 67 % reduction in skin-frictiondrag is possible
for Reynolds number from 0.8× 104 to 3.2× 104 (see Figure 2.25b).
(a) (b)
Figure2.25: Drag reduction by Leidenfrost effect measured in Taylor-Couette apparatus
by: (a) Saranadhi et al. (2016) and (b) Soltani Ayan et al. (2019)
There has been much research and discussion conducted on the use of gas lubrica-
tion to reduce hydrodynamic drag on rigid surfaces of a solid object. Nevertheless,
reported data on the drag reduction by gas lubrication on deformable surface are
very little. Up to now, to the knowledge of author, there was little to no systematic
research on the utilization of Leidenfrost effect to reduce drag on deformable liquid
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droplet. In order to experimentally study the drag reduction by Leidenfrost effect on
a free-falling droplet in a continuous immiscible liquid phase, the droplet material
need to be selected appropriately.
2.3 Liquid metal - Gallium
Metals are known as the most important materials that significantly contribute to
many aspects of human life varying frommanufacturing and construction sectors
to electronic and biomedical engineering. This is primarily due to their excellent
mechanical strength, high thermal conductivity and high electrical conductivity
(Yan et al., 2018a). As shown in Figure 2.26, 80 % of the periodic table of elements is
composed ofmetals with themajority of them in the solid state at room temperature.
However, there are several metals that simultaneously exhibit both metallic and
fluidic properties at or near room temperature known as liquid metals (elements in
blue rectangle in Figure 2.26) such as gallium (Ga), rubidium (Rb), caesium (Cs),
mercury (Hg) and francium (Fr) (Eaker & Dickey, 2016; Dickey, 2017). This makes
additional merits for them as compared to the other metals in various applications.
With substantially low melting point of −38.8 ◦C, mercury is widely utilised in
various applications including barometers, thermometers, electrode and dental
amalgams for a long time (Dickey, 2014). In spite of that, mercury is toxic in any of its
forms (Bose-O’Reilly et al., 2010) andhas large surface tensionwhichmake it difficult
to deposit it onto substrates (Eaker & Dickey, 2015). Meanwhile, rubidium, caesium
and francium are tremendously reactive alkali metals which easily explode when
in contact with air (Eaker & Dickey, 2016). Moreover, they may also aggressively
discharge hydrogen in water at below room temperature (Yan et al., 2018a). These
safety concerns render their usage limited to certain applications. On the contrary,
gallium is non-radioactive, stable and non-toxic while exhibiting the significant
qualities of liquid metals.
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Figure 2.26: Periodic table of elements.
2.3.1 Material properties of gallium
Gallium is a relatively soft, silvery-white coloured metal discovered by Lecoq de
Boisbaudran in 1875. It is known for having large liquid range with its lowmelting
point and comparatively high boiling point. With negligible vapour pressure even
at high temperature, it is highly favourable for miniaturization of electronic devices
and accidental vapour inhalation is very unlikely to happen. Moreover, gallium
is a magnetic material, has a relatively low viscosity and a good conductor of
both thermal and electric at room temperature. The surface tension of gallium is
comparable to that of mercury. However, gallium will oxidise spontaneously when
exposed to anoxygenated environment forming a thin self-passivatingoxide (Ga2O3)
layer on its surface that drastically reduces its surface tension (Liu et al., 2012; Lu
et al., 2015). Xu et al. (2012) investigate the effect of oxide layer on mechanical
properties of liquid gallium. Theymeasured the contact angle of pre-oxidized liquid
gallium droplet in an acid bath with different concentration of hydrochloric acid
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(HCL). HCL was used to removed the oxide surface layer. As shown in Figure 2.27,
the contact angle of liquid gallium droplet is increased with HCL concentration,
which confirmed the relationship between surface tension and oxide layer of liquid
gallium. Despite the relatively thin layerwith thickness in the range of 0.5 nm to 3 nm
(Regan et al., 1997; Cademartiri et al., 2012), this elastic membrane-like oxide skin
exhibits a great strength that can withstand surface stress up to 0.6 N m−1 (Larsen
et al., 2010) allowing liquid gallium to be configured into non-spherical shapewhich
otherwise prevented by the high surface tension (Dickey et al., 2008). Moreover, it
Figure 2.27: Effect of oxidation layer on liquid gallium contact angle (Xu et al., 2012).
can be combined easily with almost all metals (except tungsten and tantalum) at
all temperatures. This characteristic make it easy to lower its melting point by the
addition of other metals such as indium and tin. At a specific component ratio, the
melting point of gallium based alloy could be as low as−19 ◦C (gallium-indium-tin
commercially known as Galinstan). Aside frommelting point, gallium based alloys
retain the typical physical properties of gallium. Moreover, its superior thermal
conductivity compared to the conventional water coolant makes it an excellent
alternative for extreme temperature cooling systems (Sarafraz & Arjomandi, 2018;
Zhang et al., 2019). Selected properties of gallium are summarised in Table 2.1.
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Table 2.1: Selected physical properties of liquid gallium at 30 ◦C .
Property Value Unit
Density 6084 kg/m3
Dynamic viscosity 139 mPa·s
Surface tension 712.6 N/m
Melting point 29.8 ◦C
Boiling point 2229 ◦C
Thermal conductivity 29 W/m◦C
Electrical conductivity 7.1× 106 S/m
2.4 Concluding remarks
The basic theory of hydrodynamic drag for solid spherical particles and deformable
fluid particles has been presented. While drag force is an important parameter in
physics of the fluid, it is the main reason for low energy efficiency in many engineer-
ing applications. Thus, past research has focused on reducing drag coefficient at
the fundamental level to applications on practical systems. Among the numerous
drag reduction techniques, air/gas lubrication has been a topic of intense interest
in recent years. Researchers have introducedmany approaches and strategies in
retaining air/gas layer on solid surfaces but the most intensively studied involves
passive methods by surface treatment (combination of surface roughness and hy-
drophobicity) which yields superhydrophobic surface. However, superhydrophobic
surfaces have a mixed results of drag reduction and enhancement. More research
and testing is required to gain understanding on the ability of superhydrophobic
surfaces in reducing drag coefficient. Moreover, the plastron layer retained on su-
perhydrophobic surface is subject to instability. In order to avoid additional energy
expense, new passive technique on inducing air/gas on solid surface need to be
explored. Nevertheless, there are several promising active method in producing
persistent layer of air/gas on a solid surface including Leidenfrost effect. Although
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Leidenfrost effect have been reported centuries ago, its utilization for drag reduc-
tion is relatively new. Previous research on drag reduction by Leidenfrost effect are
focused on solid surfaces, while deformable surfaces of fluid particles which has
important practical applications has not been widely studied.
While the literature review on the relevant topics for the present study is far from
complete as there is substantial research works on the related topics, especially
superhydrophobic surfaces, those included here are the important investigations
that highly relate to the present study. It is clear from the literature that air/gas
lubrication layer exhibits great potential for drag reduction applications. However,
there is still a need to explore newmethods to retain air/gas layer on solid surface
as well as the application to deformable surfaces. Accordingly, the present research
explores new strategies to produce air/gas layer on a solid surface. Moreover, the
influence of deformation on drag coefficient of a fluid particle is investigated using
liquid gallium droplets. Liquid gallium was chosen because of its qualities as
highlighted in the previous section. Furthermore, the ability of drag reduction
by Leidenfrost effect on deformable liquid droplet was confirmed for the first time.
This has, to the best of the authors’ knowledge, not been presented in literature
before.









HIS chapter describes the design and construction of the experimental
setup developed to accomplish this experimental study. Themain aimof
the setup is to measure the transient and terminal velocity, and capture
the motion and deformation of a free-falling solid or liquid particle in a quiescent
continuous viscous fluid field. The measured particle velocity is used to calculate
the drag coefficient. The setup is also meant to investigate factors which could
potentially produce any drag reduction on the particle such as the density and
viscosity of the fluids involved by varying their temperature. The designed and
completed experimental rig is shown in Figure 3.1. The experiments were divided
into two categories:
• Category I: Free falling solid sphere
• Category II: Free falling liquid droplet
Through the first category of experiments, the possibility of drag reduction by
surface treatment on solid spheres surface is investigated. Several surface treatment
techniques were used including etching process and dry ice coating with the aim to
retain a thin air or gas layer around the surface. The second category of experiments
dealt with deformable liquid particles. Firstly, the effect of shape and deformation
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on drag coefficients is studied. Then, using a similar concept of drag reduction as in
the previous category, the Leidenfrost effect was utilized to retain a film of vapour
layer around the particle surface.
Figure 3.1: Photograph of the experimental setup.
3.1 Main apparatus
The schematic diagram of the main experimental apparatus is illustrated in Figure
3.2 whichwas designed and constructed such that it can be used in both experiment
categories. The main experimental apparatus comprises a square cross section
straight-walled column with closed bottom filled with a continuous fluid either
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water or fluorinert FC-72. The column is 70.45 mm in inner side width. The
hydraulic diameter for the square cross-section column,D used in this experiment
is calculated by equating the area of the square to the area of a circle.
a× a = πr2 (3.1)
Rearranging Equation (3.1) to getD:
D = 2r = 2a√
π
(3.2)
Figure 3.2: Schematic diagram of the main the experimental setup.
The largest particle size in the present experiments is 7 mm which leads to a
maximum ratio of particle diameter to column hydraulic diameter of 0.09. This
ratio is small enough that wall effects can be neglected (Uhlherr & Chhabra, 1995).
The height of the column for the first experiments category is 1000 mm while the
second experiments category is 500 mm. These dimensions were selected such that
the largest particle in our experiments falling through the continuous fluid could
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reach terminal velocity and end effects could be avoided (Brown & Lawler, 2003).
The column is made of clear Perspex, allowing the motion of the falling droplets to
be recorded by a high speed Complementary Metal Oxide Semiconductor (CMOS)
camera (UI-3130CP Rev.2, IDS Imaging Development Systems) with a recording
rate of 396 fps at full frame resolution. The maximum frame size is 800× 600 pixel
with a 12-bit pixel-bit depth. The camera was coupled with a FujiFilm lens (DF6HA-
1B) producing images with a resolution of 0.48 Mpixel. The camera is mounted on
vertical (Camera Slider K5, Konova) and horizontal (Mild Steel Linear Slide DZ0115-
0100RS, Accuride) sliders to allow the camera to be located at different positions
depending on experiment category. Once the camera displays the desired region
of interest and is focused on the particle, the setting of the camera is maintained
constant for all experiments in the particular case. A custommade 100 W LED light
(Maxilux ProStrip120-High Power) was placed at about 40 mm behind the column
to illuminate the test region. The light is powered by a direct current (DC) power
supply (EX345Tv, AIM-TTi).
Figure 3.3 shows the two different connectors attached to the top part of the
column. The connectors were designed such that the solid and liquid particle
release mechanism can be securely connected keeping the column as a closed
system. The detail of the release mechanisms will be discussed later in this chapter.
On the other hand, the bottom part of the column illustrated schematically in
Figure 3.4a is inclined towards a central discharge point where a particle retrieval
mechanism is located. The particle retrieval mechanism consists of two ball valves
connected by pipe. 15 mm reduced bore 2 way brass ball valves (486-299, RS PRO)
coupled with brass pipe were used for the solid particle case and for liquid particle
case 1/4 inch 2 way alloy ball valves (M-43S4, Swagelok) and stainless steel pipe
were used as shown in Figure 3.4b and c, respectively. This allows for the particle to
be taken out with a minimal amount of the continuous fluid being discharged from
the column.
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(a) (b)
Figure 3.3: The schematic diagram (top) and the photograph (bottom) of the top





Figure 3.4: (a) Schematic diagram of the particle retrieval mechanism, (b) photograph
of solid particle retrieval mechanism assembly and (c) photograph of droplet retrieval
mechanism assembly.
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A 700 W electric heater (MB5A1J2P1/240, OmegaEngineering) is fitted at the bottom
part of the column that can heat the continuous fluid in the column up to 80 ◦C.
The continuous fluid temperature inside the tank is controlled by a proportional-
integral-derivative (PID) controller connected to a thermocouple probe (P-M-A-
3-15-M6-GS-1, Omega Engineering) that is situated at the bottom of the chamber.
Another thermocouple probe (P-M-A-3-15-M6-GS-1, Omega Engineering) was
installed at about 50 mm below the continuous fluid surface at the top of the column
to monitor the fluid temperature. The continuous fluid in the column was heated
by setting the desired temperature at the PID controller prior to experiment. In
order to minimise the effect of thermal convection during experiments, the heater
was turned off after heating the continuous fluid to a temperature slightly higher
than the required temperature for the free-falling experiment. After the electric
heater was switched-off, the temperature of the continuous fluid was found higher
at the bottom (near the heater) than the temperature at the top. This is because of
the localised heating by the heater at the bottom part of the column. However,
about 5 min minutes after that, due to the natural convection heat transfer in
the continuous fluid, the temperature of the continuous fluid was found to be
homogeneous within±1 ◦C. Experiments were conducted when the continuous
fluid temperature drops to the desired one. During experiment, the continuous
fluid temperature was maintained to be within ±1 ◦C as measured by the two
thermocouple probes.
3.2 Category I: Free falling solid sphere
This experiment investigates the behaviour of a free-falling solid sphere in quiescent
water. With the aim of producing drag reduction by retaining an air layer around
the sphere, the experimental work being considered for this study is divided into 4
cases involving several surface treatment techniques:
• Case 1A: As received
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• Case 1B: Perfluorodecyltrichlorosilane (FDTS) coating
• Case 1C: Rough surface
• Case 1D: Dry ice coating
3.2.1 Apparatus
Sphere The spheres used in the experiments are commercially available 420 and
316 stainless steel spheres (Simply Bearings) with diameters of 4.00 mm, 5.00 mm,
6.00 mm and 7.00 mm as shown in Figure 3.5. The diameter of the spheres were
determined with a digital vernier calliper. The diameter of each sphere was
measured across its centreline of 3 different axes. The mean diameter was found by
averaging the diameters of five spheres for each size. The densities of these spheres
are 7750 kg/m3 and 8027 kg/m3, respectively (SimplyBearingsLtd, 2019a,b).
Figure 3.5: Photograph of the example of the stainless steel spheres used in the
experiments. From left to right is the 4 mm, 5 mm, 6 mm and 7 mm diameter spheres.
The FDTS coating for case 1B was prepared by the Scottish Microelectronics Centre
(SMC), at the University of Edinburgh. FDTS is a superhydrophobic material. The
surface of spheres in case 1C were roughened by 2 methods, sand blasting and
etching process using hydrocloric acid (HCL). Figure 3.6 shows the comparison of
those different sphere surfaces. For case 1D, the first attempt to coat the spheres
with dry ice was done manually by hand. However, it was very difficult to get a
homogeneous coating layer to stick on the surface of the spheres. In a second
attempt, a mould was designed which connected directly to a carbon dioxide (CO2)
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Figure 3.6: Photograph of the example of the modified 7 mm stainless steel spheres
used in the experiments. From left to right is the FDTS coated, 8 min wet-etched
and 32 min wet-etched spheres.
supply tank after securing a sphere inside it. Hypothetically, dry ice will be formed
inside the mould covering the sphere when CO2 gas is released inside the mould.
Unfortunately, this method was also unsuccessful.
Sphere release mechanism Two different release mechanisms depending on the
material of the sphere were designed such that the sphere falls only under the effect
of gravity at the centre of the column with zero initial velocity directly above the
water surface. The first design, shown in Figure 3.7a is an electromagnetic release
mechanism that is integrated with the top lid. This would be useful only for a
sphere with material that is attracted to a magnet. The sphere is held at the tip of
a metal screw needle which is magnetised by an electromagnet (58-0125 12VDC,
SG Transmission). The electromagnet is put in a metal enclosure where the metal
screw needle is attached to. The metal enclosure is secured to the centre of a teflon
lid. The lid is held in place on top of the column by a quick release clamp. The
electromagnet is connected to a direct current (DC) power supply and an on-(off)
push-button switch is used to cut off the current in the electromagnet releasing the
sphere into the continuous fluid.
Because current investigation also deals with spheres made from non-magnetic
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material, a sphere releasemechanism that can be usedwith non-magneticmaterials
is required. Thus, a second sphere release mechanism was designed so that it can
hold spheres of any material. It consists of a nozzle attached to a teflon lid and
connected to a vaccum pump by a flexible tube. The sphere was held at the tip
of the nozzle by the force generated by the vacuum pump suction. Turning off
the vacuum pump will release the sphere. The construction of the vacuum sphere
release mechanism is shown in Figure 3.7b
(a) (b)
Figure 3.7: The schematic diagram (top) and the photograph (bottom) of the (a)
magnetic and (b) vacuum, sphere release mechanisms.
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3.2.2 Experimental procedure
The high speed camera was located at 310 mm from the top surface of the water and
685 mm away from the column. The sphere falling through the columnwas recorded
at 100 fps with exposure time of 0.055 ms and the frame size was 800×80pixel for all
cases. The filming begins in advance of the release of the sphere to prevent missing
the initial part of the falling motion considering the fact that the release switch
and the record trigger are controlled manually and separately. Water was used as
the continuous fluid inside the column for all experiments in this category. The
experiments were conducted at 2 different water temperatures; room temperature
and 40 ◦C. For the case of 40 ◦C, the water was heated to the desired temperature
before the experiment start and care was taken to minimise convection inside the
column as described in Section 3.1. The sphere was dropped inside the column
by the sphere release mechanism and was gathered at the bottom of the column.
In order to avoid losing much of the continuous fluid when recovering the sphere,
the apparatus has a small reservoir between two valves at its bottom. The lower
valve was closed before opening the upper valve to allow the sphere to fall into
the reservoir. Subsequently, the lower valve is opened to retrieve the sphere after
closing the upper valve. The sphere was retrieved after each experiment to avoid
the upper valve getting stuck by the accumulation of spheres inside the small sump.
The experiment was repeated at least five times for each combination to ensure
the reproducibility, get more representative data, and estimate data scattering and
uncertainty.
3.3 Category II: Free falling droplet
Liquid gallium was utilized to make a droplet in order to investigate the effect of
shape deformation and vapour layer on the falling behaviour and drag coefficient
of a free-falling deformable liquid particle in a quiescent viscous fluid field. Two
different liquids were used as the continuous phase; water (case 2A) and fluorinert
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FC-72 (case 2B). Fluorinert FC-72 was chosen due to its low boiling temperature
(Tsat =57.15 ◦C at p =1 bar) which allows filmboiling condition to occur at relatively
low temperature. The physical properties of FC-72 can be found in (3M, 2019) and
those of interest to the present investigation are summarised in Table 3.1. A new
shorter column (500 mm) was used for these experiments to minimise the amount
of the continuous fluid. The height of the new column was proven to be sufficient
for all droplet sizes in the current investigation to achieve steady state conditions.
The continuous fluid inside the column was heated to various temperature ranging
from 30 ◦C to 70 ◦C.
Table 3.1: Properties of FC-72 liquid at 50 ◦C (3M, 2019).
Property name Value Unit
Density of liquid 1.6095× 103 kg/m3
Kinematic viscosity 2.9077× 10−7 m2/s
Dynamic viscosity 4.68× 10−4 kg/ms
Surface tension 8.4× 10−3 N/m
3.3.1 Apparatus
Droplet dispensing system Figure 3.8 illustrates the schematic diagram and
picture of the droplet dispensing system used in the experiment. It consists of a
syringe, a small stainless steel reservoir and a flexible tube which connects the
syringe to the reservoir. Different sizes of nozzle can be attached to the other
end of the reservoir to produce various sizes of droplet. A programmable syringe
pump (Touch-Screen Syringe Pump 78-8110C, Cole-Parmer) is used to gradually
deliver a precise volume of liquid gallium from the syringe to the nozzle through
the tubing and the reservoir. The accuracy of the syringe pump is±0.355%with a
reproducibility of±0.05%.
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(a) (b)
Figure 3.8: Droplet dispensing system: (a) Schematic diagram, and (b) Photograph.
Figure 3.9 shows the reservoir. A coil heater poweredby aDCpower supply (EX4210R,
AIM-TTi) is wrapped around the reservoir to heat up the liquid gallium to the desired
temperature before being dispersed inside the column. However, the coil cannot
be seen in the figure because it being covered by firstly Kapton polyimide tape
for electrical isolation and secondly by Polytetrafluoroethylene (PTFE) tape for
thermal insulation. The temperature of liquid gallium inside the reservoir could
be controlled within ±1 ◦C by a PID controller (Omega Engineering) driven by a
K-type thermocouple (5SRTC-TT-KI-40-1M, Omega Engineering) placed inside the
reservoir.
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(a) (b)
Figure 3.9: Stainless steel reservoir assembly: (a) Schematic diagram, and (b)
Photograph.
Pressure regulation system Like most liquids, water and FC-72 expand when
they are heated and are nearly incompressible. This thermal expansion will cause
an increase in pressure inside a closed system unless the extra fluid volume is
accommodated. In our experiments, the column was not fully filled with the
continuous fluid. There will be a small portion inside the column left with air.
Due to the fact that air is compressible, the volume of air in the columnwill decrease
because of the volume of the continuous fluid in the column increases and occupies
the space. This leads to an increases in the air pressure and consequently increases
the total pressure inside the column. Under the conditions, the pressure will push
out liquid gallium in the reservoir as well as some amount of the continuous fluid
inside the column in order to release the built pressure. Concerning this, a rubber
balloon was utilised as an expandable boundary while keeping the setup as a closed
system. The balloon was attached to the top lid through a stainless steel pipe and
a ball valve as shown in Figure 3.10. The valve was used as a shut off gate if the
balloon bursts during experiment to avoid the continuous fluid being released to
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the environment especially fluorinert FC-72 emissions which has a high global
warming potential and a long atmospheric lifetime.
(a) (b)
Figure 3.10: Pressure regulation system: (a) Schematic diagram, and (b) Photograph.
Additional optical system Unlike solid particles, droplets can deform and change
shape during the free fall. Such details may also be of great importance in under-
standing the relationship between the dynamics of the shape and motion of the
droplet to drag coefficient. Those details were captured by an additional high speed
charge-coupled device (CCD) camera (Nanosense MKIII, Dantec) with a frequency
up to 1024 fps at a full resolution of 1280 × 1024 pixel. The camera was coupled
with a focusable double gauss lens (54-691, Edmund Optics) producing low distor-
tion images. An additional LED light (BL-S100150, Advanced Illumination) located
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perpendicular to the backlight was used to illuminate the droplet from the side to
capture clearer images instead of just a black silhouette.
3.3.2 Experimental procedure
The continuous fluid inside the column was heated to a temperature slightly above
the desired temperature before the heater is turned off and wait for a fewminutes in
order tominimise thenatural thermal convection in thefluid asproceduredescribed
in Section 3.1. In the mean time, gallium was pre-heated to a temperature above
30 ◦C in order to change it state from solid to liquid phase in a glass container using
hot plate (OU-03405-05, Cole-Parmer) as illustrated in Figure 3.11. A syringe was
(a) (b)
Figure 3.11: Gallium pre-heating system: (a) Schematic diagram, and (b) Photograph.
used to draw the liquid gallium and then connected to the flexible tube before being
attached to the syringe pump. The liquid gallium tends to solidify in the syringe
or the flexible tube, or both if it has only been heated to a few degrees higher than
its melting point. Therefore, it is recommended to heat it further near the desired
temperature in case it cools excessively between runs. The liquid gallium is then fed
into the reservoir located at the top of the column and heated again to the desired
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temperature and then dispersed into the column from the other end of the reservoir
that can be attached with various sizes of replaceable nozzles, thus enabling the
formation of different droplet diameters. Predefined volumes of liquid galliumwere
released gradually at a constant rate of 1 ml/min directly below the water surface to
create a droplet with the help of a programmable syringe pump. Subsequently, the
droplet grew to an adequate size to depart from the needle due to its own weight. In
order to minimise any drop interactions, the time interval between the formation
of two successive droplets should be sufficiently long. After completing a set of
experiments, the columnmust be cooled to a safe temperature, which is still above
the melting point of gallium, before retrieving the gallium. If the temperature is
allowed to drop below the melting point, the valves will be filled with solidified
gallium which will block them. The liquid gallium was retrieved in a beaker along
with some amount of continuous liquid, it can either be cooled and separated from
the continuous liquid as a solid or carefully retrieve it from the continuous phase
while still as a liquid phase.
Both cameras were located in front of the column. The distance between the first
camera and the column was 405 mm while the distance between the additional
camera and the column was 695 mm and 570 mm, capturing 1280 × 216 at frame
rate of 2000 fps and 1280 × 340 pixel at frame rate of 1500 fps for case 2A and 2B,
respectively. It is crucial to time the footage and the drop of the object because of
the additional camera has limitedmemory, which only allow a short time of footage
being recorded.
3.4 Camera calibration
Since the source of the experimental data for the current investigation is solely from
the recorded videos, a precise methodology to extract raw data from the image
sequence is very important. This ensures accurate data to be obtained as well as the
deduced results. Therefore, camera calibration and image processing steps need
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to be done carefully, which will be explained in the present section and the next
section, respectively.
Lens distortion effect TheMATLAB Camera Calibrator application was use to get
lens distortion effect correction factors. A checker board image with square size
of 10 mm was used as the calibration pattern. It was attached to a flat rigid plate
and then the calibration pattern images were captured at various orientations and
angles relative to the camera. These positions were exactly in front of the column.
Figure 3.12 shows the montage of some images taken to cover the image frame as
much as possible.
Figure 3.12: Sample images used for camera calibration process.
These images were then imported to the MATLAB Camera Calibrator application.
The calibration was done based on the imported images. This calibration was
used to estimate the camera extrinsic (exterior orientation), intrinsics (interior
orientation) and lensdistortionparameters. Extrinsic parameters specify the relative
position and orientation between the camera and the object. Figure 3.13 shows the
camera-centric view plot of the extrinsic parameters for the present calibration. The
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camera is located at the origin of the axes and the different colours of square boxes
with number label represent the checker board position during image acquisition.
The intrinsic parameters include the optical centre, the focal length and the skew
parameters. The skew parameters estimate the error when the x and y axes of the
camera are not perfectly perpendicular. The lens distortion parameters include the
radial and tangential distortion coefficients. Radial distortion is due to the light rays
bendmore at the edge of a lens compared to at its optical centre. This is caused by
the spherical shape of the lens. The tangential distortion coefficient correct the error
when the image and camera plane are not parallel. These parameters then used
to remove the effects of lens distortion from the recorded videos using an image
processing algorithm code based onMATLAB software developed by Brian (2015).
Figure 3.13: Extrinsic parameters visualisation.
The accuracy of the estimated parameters were evaluated by examining the distance
between the points on the reprojected checkerboard image with the correspondent
detected checkerboard points from world coordinates. This variation is known as
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the reprojection errors. Figure 3.14 visualised the average reprojection error for
each calibration image. The overall mean error is 0.12 pixel with the worst error is
about 0.23 for image number 16. Generally, a reprojection errors below 1 pixel are
acceptable.
Figure 3.14: The mean reprojection error of the calibration images.
Spatial calibration Spatial calibration need to be carried out before a meaningful
measurement can bemade from the acquired videos. This is a process of correlating
the pixel of the image to real-world units in terms of size or distance. The calibration
for a given camera and column orientation can be determined using an image incor-
porating a known object size or distance (current investigation used a transparent
ruler). The ruler was immersed in the continuous fluid phase inside the column
and positioned at the centre of the column. The image is viewed in ImageJ (version
1.51g) software and a straight line is drawn across the scale bar as shown in Figure
3.15. Knowing the length of the line in the unit of pixel andmillimetre, the spatial
conversion ratio between the observed dimensions of the image in pixel, dpixel on
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The same calibration factor can be used for images or videos captured from the
same camera and column configuration. This image calibration factor may also be
called as magnification factor or image resolution.
Figure 3.15: Sample image used for spatial calibration.
Themagnification factor obtained for the experiments following this spatial cali-
bration procedure varied from 2 pixel/mm to 17 pixel/mm. The lower ratios were
utilized to track the particle from transient to steady state over a long trajectory.
Meanwhile, the larger ratios were utilized to investigate in more detail the liquid
particle shape and behaviour over a relatively short trajectory and at a smaller scale.
These produced adequate image quality for current investigation.
3.5 Image processing
The calibrated videos were post processed to emphasize the visibility of particles in
the field of view using an in-house ImageJ macro. Before the macro can be used,
the video need to be trimmed to get only the time frame where the whole particle
is visible in the field of view. The macro will first set a scale to the original video
(Figure 3.16a) based on the spatial calibration factor to change the dimensions
from pixel tomillimetre and then convert it into 8-bit grey scale tagged image file
format (TIFF) image sequence (Figure 3.16b). In order to obtain precise tracking
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and quantitative information from the image sequence, the particle need to appear
as a black dot on a white background. It can be done in the next few steps in the
macro, starting with extracting background image of the image sequence by finding
themaximum intensity projection of the image sequence stack (Figure 3.16c) which
will be used to calculate the absolute difference between the image sequence and
the background image using the image calculator function (Figure 3.16d). Finally,
the resulting image sequence was converted into a binary black and white image
sequence by applying Auto-threshold function.
(a) (b) (c) (d) (e)
Figure 3.16: Sample image of the processing steps for images captured by camera 1:
(a) Original image, (b) 8-bit grey scale conversion, (c) Maximum intensity projection,
(d) Absolute difference between (b) and (c), and (e) Binarized image.
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This dependedmainly on the lighting of the recorded video because the parameters
are sensitive to the pixel intensity level in the original image. In an attempt to select
which method segments the image sequence best, all thresholding methods avail-
able in ImageJ have been tried, thus Intermodes and IsoData method was selected
to binarize the image sequence captured by camera 1 and camera 2, respectively.
These methods provide a clear black particle image on white background with very
minimum noise in the background as illustrate in Figure 3.16e, allowing the particle
to be tracked precisely along the column.
Figure 3.17 shows the image processing steps carried out for a video recorded
by camera 2. The images were cropped to highlight the particle. In general, the
processing steps are the same, except no 8-bit conversion is needed as the camera
recorded video in 8-bit grey scale format. The side light used in the liquid particle
experiments caused light reflection on the surface of the particle which caused
the detected particle contained holes. In order to eliminate this effect, fill holes
function is utilized producing a solid black particle. It is evident from Figure 3.17e
that through these image processing steps the shape and size of the particle are
well preserved, which allows the quantitative information such as the particle
dimensions and the coordinates of its centroid to be accurately extracted. An ImageJ
(a) (b) (c) (d) (e)
Figure 3.17: Sample image of the processing steps for images captured by camera 2:
(a) Original image, (b) Maximum intensity projection, (c) Absolute difference between
(b) and (c), (d) Binarized image, and (e) Fill holes.
plug-in called Droplet Tracker is used to obtain those informations in each frame of
every recording.
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Moreover, the trajectory of the free-falling droplet can be observed visually by over-
lying a series of image stack into one image. This can be done using the minimum
projection function in ImageJ. The liquid particle transient shape deformation is
also visualised by this image processing step by projecting only the outline of the
particle. The outline of particle can be obtained by applying outline function to the
treated image sequence. Figure 3.18 illustrates the example image of liquid particle
shape oscillation during free-fall in another liquid produced by these image process-
ing steps. A step by step flowchart summarising the image processing procedure is
summarise in Figure 3.19.
Figure 3.18: Sample image of qualitative information of the trajectory and shape of
the particle obtained from image processing steps (the horizontal axis is the vertical
falling axis).
3.6 Data analysis
Data analysis is done based on the geometrical and motional parameters of the
particles obtained by image processing steps described in Section 3.5. For instance,
the particle centroid coordinates detected in each frame of every recording were
used to plot and compare the falling trajectories of the particles.
3.6.1 Particle size
The size of solid particle are determined from the manufacture data sheet. On the
other hand, since the liquid particle (droplet) was constantly deformed during the
free-fall, particle size was determined by an equivalent diameter. The equivalent
































Figure 3.19: Flowchart of the image processing steps.
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diameter is a convenient parameter to represent non-spherical particle and is
defined as the diameter of an equivalent sphere with the same particle volume
of the corresponding particle. Using the pre-determined dispersed liquid volume





where V is the pre-determined dispersed liquid volume. The size of liquid droplets
used in Category II experiments are summarised in Table 3.2.
Table 3.2: The size of liquid droplets for experiments in Category II.





3.6.2 Particle aspect ratio
Figure 3.20 illustrates the schematic diagrams of liquid particle shapes of each
category projected on the plane perpendicular to the imaging direction of the
camera. These shapes are generally used to categorized the shape of fluid particles
experiencing free fall in an infinite medium under the influence of gravity. The
categories are defined by the ratio of the detected largest horizontal dimension




Particles are classified as spherical if the aspect ratio lies within 10% of unity. For
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an aspect ratio less or more than that, the particle is described as deformed and
can be classified as oblate-spheroid or prolate-spheroid, respectively. In these 2
later shape categories, the particle is assumed to have an ideal ellipsoidal shape
symmetrical body of revolution along the axis in the falling direction (vertical)
without considering the wobbling and non-axisymmetric characteristics.
(a) (b) (c)
Figure 3.20: Schematic diagrams of typical droplet shape: (a) Spherical, (b) Oblate-
spheroid, and (c) Prolate-spheroid.
3.6.3 Particle falling trajectory
The position of the particle in consecutive images was determined by the geometric
centre (centroid) of the particle and used to reconstruct the falling trajectory. For
instance, Figure 3.21a shows the trajectories montage image of five determinations
of the same experiment case and Figure 3.21b depicts those trajectories plotted
together in one figure in order to facilitate comparison.
3.6.4 Velocity calculation
Instantaneous velocity The instantaneous velocity can be obtained by simply
tracking the centroid of the particle along the trajectory. The velocity or the
derivative of position is usually calculated using backward difference method. The
velocity for particle moving in x and y direction is calculated by this two-frame
tracking method as the particle centroid distance between two successive frame
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(a) (b)
Figure 3.21: Trajectories of falling particle: (a) Montage, and (b) Plot.
divided by the time interval between frames:
ui =
√
(xi − xi−1)2 + (yi − yi−1)2
∆t (3.6)
where xi and yi are the coordinates of particle centroid at time ti and ∆t is the time
interval between two images. However, this would lead to a noisy velocity data.
In order to minimise this error, central difference method which use three-point
formula was utilised [Yan Feng 2011]:
ui =
√
(xi+1 − xi−1)2 + (yi+1 − yi−1)2
2∆t (3.7)
Figure 3.22 compares the velocity curves obtained by these twomethods. It can be
observed that central difference method significantly reduced the error. However,
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there are still some odd spikes on the curve. In order to remove these outliers, a
MATLAB code using Hampel identifier was developed. The black line represents
the velocity curve with almost all outliers have been successfully removed.
Figure 3.22: Comparison of velocity obtained from different calculation methods.
Terminal velocity Eventually, the free-falling particle will attain a steady state
condition where the velocity reaches plateau value, where the velocity variation is
less than 1 %. To give an example, Figure 3.23 illustrates the ensemble average value
of 5 separate determinations of velocity of a free-falling liquid gallium droplet in
water, in which the region used in the terminal velocity calculation and their mean
value are plotted together. Error bars in the figure indicate the standard deviation
of the velocity ensemble mean value. It can be seen clearly that the droplet velocity
attains a quasi-steady state after about 0.27 s falling in the column. Thus, terminal
velocity uT is determined by themean value of the velocity plateau from t = 0.27 s to
tmax. Time to achieve steady state vary depending on particle size and the properties
of both particle and surrounding fluid.
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Figure 3.23: Terminal velocity calculation procedure.
3.7 Error and uncertainty analysis
In general, measurement process have some limitations and uncertainties encoun-
tered in experiments which cause error in measurements. In the present investiga-
tion, data obtained from image processing was used to calculate the particle aspect
ratio, velocity and consequently the drag coefficient. The systematic error in the
evaluation of particle dimensions and velocity from a recorded image sequence is
due to two common sources, digital image processing and calibration, and time
interval as the third source of error in velocity (Celata et al., 2007; Cai et al., 2010).
3.7.1 Error in particle dimension
The recorded video is the main source of data that will be used in the analysis. In
order to recover the particle dimension and its centroid location, the video need
to be enhanced by few steps of image processing. This digital image process could
lead to error and therefore the uncertainty need to be estimated. Firstly, visual test
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is carried out to examine the discrepancy between the original image and processed
image. Figure 3.24 illustrates the original images together with those corresponding
treated images. The top row of Figure 3.24a is an image taken at nearly top of the
column to represent sharp imageof particle in camera focus. Meanwhile, thebottom
row is an image taken at about the bottom end of the field of view of the camera
to represent blurred image. It is evident from the figure that the processed images
almost perfectly matched the original images even for the slightly blurred image.
In order to get a better visual comparison, the outline of the processed images are
extracted and overlayed on the original images. As can be seen in Figure 3.24c, the
shape of the particle are well preserved with only little discrepancy at the bottom
part of the blurred images. This discrepancy is due to the threshold process ignored
the blurred section of the droplet image.
(a) (b) (c)
Figure 3.24: Comparison between original image and resulting processed image at
different depths inside the column (y represents the location of the droplet from the
top surface of the continuous fluid phase): (a) Original image, (b) Processed image,
and (c) Overlay of extracted outline from processed image on original image.
Furthermore, the discrepancy is quantified according to the measured largest
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After evaluating several images, the highest deviation value for both horizontal and
vertical diameters is found to be 1 pixel, which corresponds to the blurred images
like the one shown in the bottom row of Figure 3.24a. With high frame rate and
exposure time, blurred images were only due to particle that moved out of focus
and rarely encountered in the experiments.
3.7.2 Error from image calibration
This error arises from the conversion from pixel to mm related to the manual
measurement performed using a transparent ruler as discussed in Section 3.4. The
source of uncertainty is related to the length of the reference line dpixel known as
reference pixel uncertainty (Robbe et al., 2014). Depending on the image quality,
drawing the reference line on the exact pixels correspond to the scale bar is subjected
to a certain precision. In the present investigation, the reference line was drawn
across 100 mm on the scale bar of the ruler image. The reference line consists of
at least 291 pixel. Taking ±1 pixel as the possible error on each side of the line,
ds = ± 2291 = 0.69%. As this procedure was repeated several times using a crystal
clear ruler image,±2 pixel is an overestimation.
3.7.3 Error particle velocity
Instantaneous velocity The instantaneous velocity of the falling particle is not
measured directly in the experiment but instead calculated based on parameters of
the particle obtained from digital image processing of the captured videos.
u = yi − yi−1∆t =
Pis− Pi−1s
∆t (3.9)
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where s (mm/pixel) is the scale factor, which allows converting the centroid po-
sitions of a particle Pi (pixel) at time ti (s) to real-world unit (mm) and ∆t is the
interval time between two images.
The uncertainty of a quantity in a function of several variables can be calculated
using the law of propagation of uncertainty. By inspecting Equation 3.9, it is clear
that u is a function of Pi, Pi−1,∆t and s, which can be written as u(Pi, Pi−1,∆t, s).
Assuming themeasurement of the variables are not correlated, the propagated error
of the particle velocity can be calculated using the following equation (Celata et al.,
























It is noted from Equation 3.10 that the uncertainty in u is obtained by computing
the partial derivatives of u with respect to each variable, multiplication with the
uncertainty in that variable, and addition of these individual terms in quadrature.
Solving each partial derivation in Equation 3.10 yield:
∂u
∂Pi










= Pi−1s− Pis∆t (3.11)
As a representative case in the present work:
1. For recording frequency of 1000 fps, ∆t =1/1000 s. Thus δ∆t = ±10−6s.
2. δPi = δPi−1 = ±0.5 pixel, is taken as the maximum possible centroid
positional error associated with the image processing of a blurred image. As
discussed in Section 3.7.1, this error occurs due to the definition of threshold
generates a missing line of 1 pixel at the bottom of the droplet, leaving the
top of the droplet unchanged, or vice versa. In this case, the centroid moves
0.5 pixel.
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3. δs = ± 2291 = 0.69%, as the possible calibration error as discussed in Section
3.7.2.
Hence, the maximum uncertainty in instantaneous velocity, ∆u
u
was 3%.
Terminal velocity The uncertainty in the evaluation of terminal velocity is due
to two error sources. The first is due to positional error in determining the particle
centroid, which is themost substantial term in the uncertainty of the instantaneous
velocity. However, this contribution is minimal because the velocity is obtained
from an average value of a longer trajectory. The second one is resulting from the
velocity oscillation around the mean value, as shown in Figure 3.23, and primarily
caused by the limited number of points employed for average calculation. The
uncertainty in the average terminal velocity was much less than 3 %.
3.8 Conclusion
A new experimental setup was designed and constructed to investigate the free-
falling particle in quiescent viscous liquid using non-intrusive technique based on
high-speed photography. The liquid in the tank can be heated up to about 80 ◦C
while the liquid gallium in the droplet dispensing system can be heated up to about
190 ◦C. The accuracy of the used equipment and the image calibration steps were
discussed in detail. The digital image processing procedure using an in-house
ImageJ macro was also laid out. The chapter closes with the error and uncertainty








Drag Coefficient of Free-Falling Solid
Sphere in Water
T
HIS chapter investigates the effect of different surface treatment tech-
niques effects on the drag coefficient of free-falling solid spheres in wa-
ter. First, the experimental results of different diameter of unmodified
stainless steel spheres are presented as a preliminary test to confirm the experi-
mental set-up could reproduce the drag coefficient based on existing studies. The
effect of various surface treatment techniques on drag coefficient is discussed and,
the effect of plastron layer sustained on the sphere surface on drag coefficient is
presented.
4.1 Solid spheres of various diameter
The reliability and suitability of the experimental set-up was tested by undertaking
experiments in water with free-falling stainless steel spheres of different diameters,
ds varying between 4 mm and 7 mm. The sphere was positioned such that it was
partly immersed in the water before releasing it at the centre of the column. The
motion of the free-falling sphere was recorded by a high speed camera.
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4.1.1 Trajectory
Figure 4.1 shows the typical falling behaviour of the spheres in water at room
temperature. In each Figure 4.1a-4.1d, the sphere’s position in the tank is presented
every 0.01 s. It can be seen that the trajectories of the spheres are almost completely
rectilinear with very little deviation from the centre of the column. This behaviour
is expected for spheres with large density compared with the surrounding fluid
due to the sphere’s high mechanical inertia which can resist horizontal motion.
The repeatability of the falling trajectory is presented in Figure 4.2. The solid black
(a) (b) (c) (d)
Figure 4.1: The typical trajectory of free-falling stainless steel sphere in water at room
temperature: (a) 4 mm, (b) 5 mm, (c) 6 mm, and (d) 7 mm.
lines represent the ensemble average of the repeated experiments for each sphere
diameter. As can be seen, all the cases are very consistent with very small standard
deviation values which are represented by the shaded area in the plots.
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(a) (b) (c) (d)
Figure 4.2: The mean trajectory of free-falling stainless steel sphere in water at room
temperature (the shaded area represents standard deviation from mean value): (a)
4 mm, (b) 5 mm, (c) 6 mm, and (d) 7 mm.
4.1.2 Velocity
The vertical falling velocity was deduced from the time derivative of the trajectory.
Figure 4.3 illustrates the mean vertical velocity of three repetitions as a function of
the distance from the free water surface derived from trajectories in Figure 4.2. The
shaded area in the plots represents the standard deviation from the mean value. It
can be observed that the sphere’s vertical velocity reached a steady state after they
travelled through the column for approximately 250 mm for 4 mm, 5 mm and 6 mm
diameter spheres, and 350 mm for 7 mm diameter sphere. A steady state is achieved
when the drag and lift forces acting on the sphere balance the gravitational force due
to the difference between the density of the sphere and the surrounding fluid. The
instantaneous velocities after these points are averaged to ascertain the terminal
velocity. The average terminal velocities of the spheres used in the experiments,
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summarised in Figure 4.4, varied linearly between 0.96 m/s to 1.25 m/s giving a
Reynolds number in the range of 3× 103 to 9× 103. It is shown in some previous





















Figure 4.3: The velocity evolution of free-falling spheres in water at room temperature
as a function of the distance from free surface.























Figure 4.4: The terminal velocity of the free-falling spheres in water at room
temperature.
studies (Lyotard et al., 2007; Vakarelski et al., 2014, 2015; Castagna et al., 2018; Jetly
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et al., 2019) on the drag of free falling sphere that the time evolution of the sphere’s
velocity evolves towards a terminal value according to an empirical exponential
model proposed by Mordant & Pinton (2000):
v(t) = vT (1− e−t/τ ) (4.1)
where vT (terminal velocity) and τ (characteristic time) in the equation are indepen-
dent empirical fitting parameters. In agreement with those studies, Figure 4.5 shows
that for the case of 4 mm sphere falling in water, the experimental velocity profile
closely followed themodel given by Equation 4.1 with a coefficient of determination
r2 value (a statistical measure of how close the data are to the fitted regression line)
of 0.9804. The terminal velocity value extracted using the fitting procedure can be

















Figure 4.5: Example of the velocity evolution obtained from experimental data fitted
with Equation 4.1
used to predict the terminal velocity of the falling sphere. In this case, the terminal
velocity predicted by Equation 4.1 is 0.9605 m/s, which is in good agreement with
the experimental value with a difference of merely 0.3 %. The detailed analysis of
the results from this fitting procedure for all cases in the present study are tabulated
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in Table 4.1. A good fit between the theoretical curves and experimental data can
be observed in the table with the lowest r2 value of 0.9504 and all the predicted
values of terminal velocity are in good agreement with the experimental values with
a largest difference of 0.8 %. Considering the fact that this method integrates the
entire instance of the captured data, it is conceivable that Equation 4.1 could be
used to accurately estimate the terminal velocity of a falling sphere in the casewhere
the full trajectory (from transient to steady states) of the falling sphere can not be
captured due to the experimental set-up constraints. However, it should be noted
that Equation 4.1 does not precisely characterize the greater complex characteristics
of the real trajectory. Interestingly, if vT and τ extracted from the fitting procedure
are used to normalise the velocity profiles in Figure 4.3, all of them collapse into a
single curve (see Figure 4.6).
Table 4.1: Experimental terminal velocities extracted from fitting procedure using




4 0.9576 0.9605 0.0563 0.9804
5 1.0500 1.0592 0.0639 0.9861
6 1.1260 1.1276 0.0684 0.9504
7 1.2599 1.2594 0.0811 0.9673
Further clarificationwas done by analysing the terminal velocity difference between
experimental data and the analytical value obtained from the BBO equation (refer to
Equation 2.2 in Chapter 2). In the case of sub-critical Reynolds number sphere, the
addedmass coefficient k is 0.5Watanabe et al. (1998); Jetly et al. (2019). Considering
the density of the sphere is significantly larger than the surrounding fluid and the
Reynolds number range in present investigation, the value of Basset history force
has been shown to be less than 1 % Watanabe et al. (1998), hence negligible and
can be eliminated from Equation 2.2. If the mass of the sphere and displaced fluid
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Figure 4.6: Comparison of the experimental dimensionless velocity evolution with an
exponential model (Equation 4.1)
are expressed using the spherical volume relationship, the BBO equation can be
simplified (without the Basset history force) and written as:
(ρs − kρf )
dv
dt







At a steady state (dv/dt = 0), the left hand side term in the equation is cancelled,
leaving only the gravitational, buoyancy and drag forces. Thus, the terminal velocity











Here, the value of the drag coefficient is considered to be 0.4, which is typical for the
Reynolds number range in the present investigation. The terminal velocity compar-
ison between the averaged experimental values and their theoretical counterparts
estimated with Equation 4.3 is shown in Figure 4.7. It is found that both values are
agreed.
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Figure 4.7: Comparison between theoretical terminal velocities and experimental
results.
4.1.3 Drag coefficient
Knowing the terminal velocity, Equation 4.3 can be rearranged to calculate the




(ρs − ρf )gd
ρsv2T
(4.4)
The average drag coefficients corresponding to the average terminal velocities of the
spheres from experimental data are presented in Figure 4.8 as a function of Reynolds
number compared with the standard drag curve for a sphere. The drag coefficient is
known to be nearly independent of Reynolds number in the range between 2× 103
and 2× 105. As expected, for terminal Reynolds number,ReT range in the present
study (3× 103 to 9× 103), the drag coefficients obtained from the experiments vary
slightly within experimental uncertainty. The inset in Figure 4.8 reveal that the drag
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coefficient obtained from experimental data are in good agreement with theoretical
value with the largest difference of merely about 4.5 %. Moreover, for the case of
5 mm and 7 mm spheres, the drag coefficient lay almost exactly on the standard drag
curve. This could be a clear evidence of the reliability of the experimental set up
used in the present investigation and suitability for undertaking novel experiments.

























Figure 4.8: Comparison between the experimental drag coefficient and standard drag
curve.
4.2 Effect of surface treatment
After confirming the experimental results in the previous section matched with
their equivalent theoretical predictions, they are used as reference (labelled as ref ).
The effect of surface treatment on the drag coefficient of a free falling sphere is
investigated by coating the sphere with hydrophobic perflourodecyltrichlorosilane
coating (labelled as FDTS), and roughening the sphere’s surface via an etching
process. The coating was applied over the sphere by means of molecular vapour
deposition (MVD), while the etching process was done by simply immersing the
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spheres in HCL for two different interval times; 8 minute and 32 minute (labelled as
E8 and E32, respectively). The implementation of MDV coating technique result
in a mono-layer coating on the surface. Thus, the molecularly thin coating (in the
order of nanometers) layer has no significant effect on the bulk material properties.
4.2.1 Wettability
The wettability of the surfaces of the spheres is characterized by the water static
contact angle (WCA). The WCA was measured by a sessile drop method using a
drop shape analyzer system (DSA30S, Kruss GmbH) at room temperature. A precise
volume of water (5µl) was carefully deposited on the apex of the sphere by a syringe
pointed vertically downward. The syringe was attached to a pump integrated to the
DSA30S which is controlled by a software (ADVANCE, Kruss GmbH). The system
used a CMOS camera to capture the image of the droplet on the surface, from
which the WCA was measured by the same software. Figure 4.9 shows a 5µl water
(a) (b) (c) (d)
Figure 4.9: The photograph of 5µl water droplets on: (a) ref , (b) FDTS, (c) E8,
and (d) E32 spheres.
droplet on the ref , FDTS, E8 and E32 spheres. In order to obtain droplet symmetry,
the droplet has to be deposited exactly above the apex of the sphere, so that it is
positioned perfectly centred on the vertical axis of the sphere as illustrated by Figure
4.10. This is a very challenging process as the droplet tends tomove off axis after the
deposition (especially for the FDTS sphere), hence a lot of attempts has been made
to obtain images shown in Figure 4.9. Figure 4.11 depicts the meanWCAmeasured
at five distinct positions on each sphere; the error bars in the figure represent the




Figure 4.10: Schematic diagram of a liquid droplet resting on the apex of a solid
sphere.
Figure 4.11: Contact angle of water on different sphere surfaces.
standard deviation of the mean value. The WCA value of the reference sphere was
96°, which is near the lower end of hydrophobic threshold. The etching process
did not significantly modify the hydrophobicity of the spheres with just a little
increment on the WCA values to 102° and 99° for E8 and E32 spheres, respectively.
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On the other hand, the hydrophobic coating (FDTS) increased the WCA value to
120°.
4.2.2 Velocity






















Figure 4.12: The velocity evolution of free-falling spheres with various surface
treatments in water.
The spheres described in Figure 4.11 were tested in free-fall in water. The evolution
of the velocity of the spheres are inferred from the time derivative of the falling
trajectory and depicted in Figure 4.12 for the case of a sphere with a 7 mm diameter.
Each curve illustrates the ensemble average of the instantaneous velocity over 3
trials. Error bars are not displayed in the figure for the sake of clarity. Surprisingly,
insteadof the skin-friction reducing effect of hydrophobic surface, it canbe seen that
the FDTS sphere falls the most slowly. On the other hand, no significant difference
in velocity is observed between the etched spheres and the reference sphere. The
velocity of the spheres reaches a plateau value at a time of about 0.25 s, indicating
the steady state condition. The terminal velocity for each sphere is calculated by
averaging the instantaneous velocity in the steady state region. In the case of the
FDTS sphere, due to the limited experimental data points, Equation 4.1 was also
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used to estimate its terminal velocity (dashed black line in Figure 4.12). Indeed, the
FDTS sphere reached steady state condition within the available experimental data
points. The average terminal velocity of those spheres in the case of 7 mm diameter
for 3 repetitive experiments are shown in Figure 4.13. The error bars in the figure
represent one standard deviation of the measured mean values.
Figure 4.13: The terminal velocity of 7 mm spheres with various surface treatments.
4.2.3 Drag coefficient
The terminal velocity of the sphere was used to calculate the steady-state drag
coefficient based on Equation 4.4. Setting the ref sphere as the reference, the
effect of the surface treatment on drag coefficient can be estimated from∆CD =
1−CD/CrefD (where superscript ref is referring to unmodified sphere) and depicted
in Figure 4.14 as a function of Reynolds number. It can be seen that the drag
coefficient of the etched spheres are identical with the reference sphere with no
significant differences (less than 3 %). In contrast, the FDTS sphere’s drag coefficient
is higher than the reference sphere by 13 %.
Initially, this result is a little confusing because it contradicts the friction reduction
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Figure 4.14: The ratio of steady-state drag coefficient of spheres with various surface
treatments to the unmodified sphere.
effect exhibited by hydrophobic surfaces. Furthermore, a 5 % to 15 % drag reduction
effect of super-hydrophobic sphere surface was proved experimentally in the
literatures forReT in the range of 1× 104 to 3× 104 by McHale et al. (2009), which
is close enough to the present ReT range (8× 103 to 9× 103). However, other
experiments with super-hydrophobic spheres have actually reported significant
drag coefficient increment (Su et al., 2010; Ahmmed et al., 2016; Castagna et al.,
2018). Interestingly,McHale et al. (2009) and Su et al. (2010) relate the drag reduction
and increment, respectively to the retaining plastron layer on the surface of the
sphere.
As the drag on the sphere for the subcritical Reynolds number range investigated
here is dominated by pressure drag component (friction drag component account-
ing less than 5 % of the total drag) (Achenbach, 1972; Berry et al., 2017). Su et al.
(2010) attributed the drag increased mechanism to the increase in friction drag
cause by the existence of dense micro-bubbles in the form of hemispherical cap on
the surface of the sphere. Similar to the results obtained byMcHale et al. (2009), Jetly
et al. (2018) which evidenced a substantial drag reduction for super-hydrophobic
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spheres encapsulated in thin air-layer falling in water at Reynolds number from
1× 105 to 3× 105. This is due to a delay in the flow separation point to the rear of
the sphere, which reduces the pressure difference between the front and rear of the
sphere. However, no significant change was observed in experiments with smaller
spheres at lower Reynolds number (∼3× 104). It seems there is a critical Reynolds
number and plastron layer thickness to reduce drag. Unfortunately, based on ex-
perimental data in the current investigation, a good conclusion on the underlying
physical mechanism of the drag enhancement cannot be made. Hence, we defer
this to future study.
4.3 Effect of plastron layer
Further investigation was carried out on the effect of a thicker gas-layer on drag
coefficient. The method employed to produce a thicker gas-layer on the surface
of the spheres when fully immersed in water is by coating the sphere with dry ice
(labelled as DI).
4.3.1 Presence of plastron layer
As mentioned before (in Chapter 3), the process of dry ice coating was challenging
and the only method that was successful was applying the dry ice by hand. The
image sequence of the spheres falling through the water column is shown in
Figure 4.15. The first frame shows the sphere fully immersed in the water. As
the result of manually coating the sphere with dry ice, the coating layer shape
is not quite spherical and the thickness of the coating layer is inhomogeneous
(t =0 s). Because of sublimation, the dry ice layer continues to change its phases
from solid to gas forming a vapour blanket surrounding the sphere (t =0.10 s).
Consequently, the vapour blanket turns into a teardrop-shaped cavity (t =0.30 s)
before the cavity pinches off at 0.33 s. Then the cavity elongates before another
pinch-off occurs. This process happens in a series, producing a continuous string of
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small detached bubbles (t =0.30 s to 0.82 s). The stable vapour cavity envelops the
0 s 0.10 s 0.20 s 0.30 s 0.33 s 0.38 s 0.42 s 0.47 s 0.48 s 0.53 s












Figure 4.15: The falling of 5 mm sphere coated with dry ice at various depth ranges:
(a) 0 mm to 403 mm, and (b) 403 mm to 642 mm inside the 1 m column used (shown
on the right).
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sphere, eliminating any physical contact with the water. This leads to the ultimate
non-wetting condition, which hypothetically produces a free-slip surface.
A stable vapour cavity encapsulated falling solid metal sphere in a liquid was
previously shown experimentally to have a drag reduction effect by Mansoor et al.
(2017); Vakarelski et al. (2017). Both experiments utilised impact velocity and either
heated or rendered super-hydrophobic sphere in order to form a stable vapour
cavity, while the present experiment could produce the stable streamline shape
cavity without impact velocity, heating and surface modification. However, the
challenge in dry ice coating process is deferred to future study.
4.4 Conclusions
In this work, characterization the drag of different sphere surfaces were tested by the
means of free-falling experiments in water. The unmodified stainless steel sphere
of various diameters were used to test the reliability of the present experimental
set-up. The drag coefficient obtained from the experimental data agreed well with
the standard drag curve values at similar Reynolds number. Next, the surfaces of
the spheres were modified by two methods; coating the spheres with FDTS and
roughening the surface of the spheres by a wet-etching process. The wettability
of the modified surfaces were characterised by WCA that was measured by a
sessile drop method. The WCA of the FDTS spheres were significantly increased
compared with the unmodified spheres. While no significant differences were
found for the etched spheres. Similarly, in the free-falling experiments, the drag
coefficient of the etched spheres were almost identical with the unmodified spheres.
Surprisingly, the drag coefficient of the FDTS sphere was increased. There are
extensive experimental investigations previously reported that are discordant in
their conclusions on this issue. Unfortunately, the information obtained from the
current experimental set-up was not sufficient to explain the drag enhancement of
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a free-falling plastron encapsulated sphere in water for the Reynolds number range
in the current investigation.
Moreover, the spheres were coated with dry ice. This method was able to produce a
substantial gas-layer surrounding the spheres, which evolved into a streamlined








Shape and Drag Coefficient of
Free-Falling Liquid Droplet
T
HIS chapter deals with the experimental investigation of free-falling liquid
galliumdroplet in quiescent water. Several experiments were performed
with different droplet sizes and temperatures. All the experiments are
carried out under isothermal condition, where the liquid gallium temperature
equals the temperature of the water inside the column. The water temperature was
monitored by the instantaneous reading of thermoucouple probes displayed at the
PID controller. The desired temperature of the water could last for about 5 min, as
the heater was switched-off during experiment. The water was heat up again if its
temperature dropped. Under isothermal condition, the temperature of the liquid
gallium droplet is assumed to persist for the whole falling time. With regard to a
falling fluid particle in another immiscible quiescent fluid, the acceleration due to
gravity, surface tension between the fluids, viscosity and density of the fluids and
initial diameter of the particle are the important parameters (Bakhshi et al., 2015).
In consideration of those parameters, a variety of non-dimensional sets governing
the characteristic of thedroplet are suggestedby researchers, as discussed inChapter
2. With given the physical properties of the fluids involve in the current investigation
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30 174 60 0.51 0.73 1.68 2.21
40 211 27 0.51 0.73 1.68 2.21
50 250 13 0.51 0.73 1.68 2.21
60 290 0.7 0.51 0.73 1.68 2.21
70 390 0.4 0.51 0.73 1.68 2.21
in Chapter 3, the dimensionless parameters describing the system correspond to
each case are summarised in Table 5.1. The symbols T, S, M and L in the table
represent the droplet’s size of 2.67 mm, 3.19 mm, 4.86 mm and 5.56 mm, respectively.
5.1 Droplet falling behaviour
5.1.1 Trajectory
The typical trajectory of the falling droplet is depicted in the top panel of Figure 5.1
by superimposing the image sequences captured by the high speed camera. In each
Figure 5.1a-5.1d, the droplet’s spatial position in the tank is presented every 0.01 s.
As shown in Figure 5.1a and 5.1b, after the droplets of the smaller sizes detaches from
the nozzle, their trajectory show a rectilinear behaviour. However, with the increase
in droplet diameter as shown in Figure 5.1c and 5.1d, the trajectories deviate from
rectilinear with a very minor spiral behaviour. It is also noted that the 4.86 mm and
5.56 mm droplets experience shape oscillation at the beginning of the fall.
The repeatability of the falling trajectory is presented in the bottom panel of Figure
5.1. The solid black lines represent the ensemble average of the five repeated
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experiments for each droplet size. As can be seen, all the cases are very consistent
with minimal standard deviation values which are represented by the shaded area
in the plots.
(a') (b') (c') (d')
(a) (b) (c) (d)
Figure 5.1: The typical trajectory (top panel) and the mean trajectory of 5 repeated
experiments (bottom panel) of different size of free-falling liquid gallium droplet in
water: (a),(a’) 2.67 mm, (b),(b’) 3.19 mm, (c),(c’) 4.86 mm and (d),(d’) 5.56 mm.
The shaded area in the bottom panel represents standard deviation from mean value.
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5.1.2 Velocity
The instantaneous falling velocity of the droplets was inferred from the time
derivative of the spatial locations of the droplet centroid. Figure 5.2 shows co-plots
of the velocity of free-falling liquid gallium droplets of various diameters in water
as a function of their distance from the nozzle. Error bars are not displayed in the
figure for the sake of clarity. It can be seen that the velocity becomes terminal after
200 mm for all sizes of droplets examined. After analysing thedroplet’s velocity under
different thermal conditions, it was observed that each droplet in the investigation
could attain a terminal condition after falling a distance of 200 mm. Hence, the
droplet image sequence ranging from 200 mm to 250 mm below the nozzle was
selected to calculate the average droplet terminal velocity vT . The average terminal
velocities of the droplets in the experiments, summarised in Figure 5.3, varied
between 0.60 m/s to 0.71 m/s giving a Reynolds number in the range of 1× 104 to
9× 104.
Figure 5.2: The average transient velocity of free-falling liquid gallium droplet with
different equivalent diameters: (a) 2.67 mm, (b) 3.19 mm, (c) 4.86 mm and (d)
5.56 mm.
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Figure 5.3: The terminal velocity of free-falling liquid gallium droplet with different
equivalent diameters: (a) 2.67 mm, (b) 3.19 mm, (c) 4.86 mm and (d) 5.56 mm.
5.1.3 Droplet shape
As evident from Figure 5.1a-5.1b in Section 5.1.1, the droplets experienced shape
deformation at the beginning of the fall. This interesting phenomenon was the
motivation of the development of the additional optical system to capture the details
of the droplet deformation. The close-up images of the liquid gallium droplets of
different sizes just after gravity and capillary pinch-offdetachment process obtained
by the additional optical system is shown in Figure 5.4. It can be seen clearly that the
smallest droplet is almost perfectly spherical. Increasing droplet’s volume causes
the droplets to elongate in vertical direction. This is due to the small Eötvös number
(the ratio of gravitational force over surface tension) exhibited by the small droplets
which means the interfacial tension force is dominant, preventing the deformation.
Moreover, the hydrostatic pressure difference on the droplet leading and trailing
interfaces, which tend to deform the droplet is small for small droplets.
Subsequently, the droplets are subject to shape oscillations which started as soon
as the droplets fall in the column. The shape oscillations are due to the sudden
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(a) (b) (c) (d)
Figure 5.4: The typical initial shape of different sizes of free-falling liquid gallium
droplets: (a) 2.67 mm, (b) 3.19 mm, (c) 4.86 mm and (d) 5.56 mm
acceleration generated by the unstable force of interfacial tension during the
detachment process (Zhang & Basaran, 1995). Figure 5.5 shows the typical transient
shape oscillations of the free-falling liquid gallium droplets in water for different
droplet sizes. Each image in Figure 5.5 is the composite of multiple sequences of the
same droplet images at different time. The time interval between two consecutive
droplet images is 0.001 s. As evident from Figure 5.5, the droplet dimensions are
highly dynamic. The shape oscillations during the falling motion are induced by
the interaction between the forces balance and pressure distributions act on the
interface from inside and outside of the droplet (Keshavarzi et al., 2014).
Next, the image sequences were used to extract the largest horizontal dimension
(width) dh and the largest vertical dimension (height) dv of the falling droplets in
order to evaluate the droplets shape quantitatively. The repeatability of the droplet
dimensions oscillations for each droplet size is depicted in Figure 5.6 as a function of
time. The solid blue and solid red lines in each plot represent the ensemble average
of the instantaneous droplets horizontal and vertical dimensions, respectively from
the repeated experiments. The shaded areas represent the standard deviation
from the mean values. It can be observed that the experimental results are highly
reproducible by the small standard deviation values. It is also noted that no
significant size oscillations occur for the smallest droplet. As the size of the droplets
increased, the height and width oscillations start to appear. For 3.19 mm droplet,
the droplet dimensions oscillations occur immediately after the detachment of
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(a) (b) (c) (d)
Figure 5.5: The typical transient shape of different sizes of free-falling liquid gallium
droplets: (a) 2.67 mm, (b) 3.19 mm, (c) 4.86 mm and (d) 5.56 mm.
the droplet from the nozzle and quickly become almost constant after 0.02 s. The
4.86 mm droplet behaves similarly with a higher amplitude, but the oscillations last
for a longer time before diminished at about 0.1 s. For the largest droplet, the high
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amplitude oscillations remain for a longer time. However, due to the limitation in
the present experimental setup, the fully dampened oscillations cannot be captured.
It is worth noting that, increasing the droplet size, amplify the droplet dimensions
oscillationamplitude, especially in the vertical direction. This oscillations amplitude
amplification is due to the increase in droplet size makes the effect of gravity force
stronger (high Eötvös number) and affecting the shape oscillations more on the
direction of gravity. Hence, the vertical dimension always has a larger oscillations
amplitude compare to the horizontal dimension of the droplets.
Figure 5.6: Time evolution of the ensembel average of droplet horizontal (equator)
and vertical (polar) dimensions for different droplet sizes. Shaded area represent one
standard deviatian from the mean value: (a) 2.67 mm, (b) 3.19 mm, (c) 4.86 mm and
(d) 5.56 mm
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5.1.4 Aspect ratio
The droplets shape evolution is characterised by the aspect ratio of the droplets
during the fall. Aspect ratio, defined by the ratio of the largest horizontal dimension
to the largest vertical dimension of the droplet, is a practical dimensionless number
to get a quantitative comparison of droplet shape oscillations and also useful to
categorise the droplet shape. The droplets dimensions depicted in Figure 5.6 were
used to calculate the droplets aspect ratio as illustrates in Figure 5.7. It can be seen
that the initial aspect ratio of all the droplets is that of a spherical shape with a value
close to 1 for the two smaller droplets and nearly at the higher limit of spherical
shape for larger droplets. The observable start of oscillations in every case took
place immediately after the detachment of the droplet from the nozzle. However,
the aspect ratio oscillations for 2.61 mm and 3.19 mm droplets quickly dampened.
It can be seen that the oscillations amplitude increase with droplet size. It is also
noted that both droplets remain in spherical shape for the entire duration. This is
resulting from the greater surface tension force in comparison to the hydrodynamic
inertia and viscous forces (low Eötvös number and highMorton number), which
avoid the deformation of the droplets.
Things are getting more interesting for 4.86 mm droplet, since the Eötvös number
is significant, resulting in weak surface tension effect which causes the droplet
to deform and losing its spherical shape. The droplet undergoes a sphere-oblate
oscillation with the asymmetrical axis about the oblate-spheroid shape (aspect ratio
less than 0.9). It can be observed that the amplitude of the oscillations getting more
prominentwith increasingdroplet size. This is associatedwith the initial aspect ratio,
which tends to get larger for the bigger droplet. López & Sigalotti (2006) obtained
similar results in their study. However, due to viscous dissipation, the aspect ratio
oscillated in periodic decaying amplitude fashion (Miller & Scriven, 1968; López &
Sigalotti, 2006) until the droplet obtained a steady state with the shape of oblate-
spheroid with an aspect ratio value of about 0.8. The largest droplet follows similar
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Figure 5.7: The average transient aspect ratio of falling liquid gallium droplet with
different equivalent diameters: (a) 2.67 mm, (b) 3.19 mm, (c) 4.86 mm and (d)
5.56 mm.
oscillation behaviour but with higher amplitude and lower frequency. For the range
of Eötvös number (which describe the relative importance between gravitational
forces and surface tension forces) in the present investigation, the Morton number
(which describe the relative importance between viscous forces and surface tension
forces) is remained constant. Hence, the series of shape oscillations experienced by
the free-falling liquid droplet are determinedby theEötvös number; the competition
between gravitational and surface tension forces (Agrawal et al., 2017). However,
the shape oscillations was rapidly decayed after a few cycles (especially for 2.61 mm
and 3.19 mm droplets) due to the effect of viscous forces (Huang et al., 2018). The
shape evolution with the fallingmotion is ameasure of the interplay of deformation
and falling motion. A further discussion about this transient behaviour is given in
Section 5.2.3.
The oscillation frequency is one of the important aspects of droplet behaviour
as it affects the behaviour of the motion and shape of the droplet. Frequency
analysis was performed through Fast Fourier Transform (FFT) for the aspect ratio
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of the droplets as depicted in Figure 5.8. The maximum peak in the plots gives
(a) (b)
(c) (d)
Figure 5.8: The frequency spectrum of aspect ratio oscillation: (a) 2.67 mm, (b)
3.19 mm, (c) 4.86 mm and (d) 5.56 mm.
the dominant oscillation frequency. It can be observed that the 2.61 mm droplet
oscillates at a frequency of 11.72 Hz. Increasing the droplet size to 3.19 mm (hence,
increased the Eötvös number to 0.73) dramatically increased the dominant aspect
ratio oscillation frequency to 85.94 Hz. It is worth noting there is another peak in the
oscillation frequency which value match the dominant oscillation frequency of the
smaller droplet. However, the oscillation decrease to 35.16 Hzwhen further increase
the droplet size to 4.86 mm. Increasing the droplet size to 5.56 mm reduced the
oscillation frequency to 31.25 Hz. Similarly, these two large droplets have another
oscillation peak which has the same value with the dominant oscillation frequency
of the 2.61 mm droplet. This trend indicates the dependence of oscillation frequency
on the Eötvös number, which strongly influences by the droplet size. Increasing
the droplet’s Eötvös number change the dominant shape oscillation frequency.
The 11.72 Hz oscillation peak observed in all the droplets might be due to an
artifact of the droplet dispersionmechanism used to generate droplet in the present
experiments.
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5.2 Effect of temperature
In this section, the dependence of the dynamics of a free-falling droplet on temper-
ature is discussed. The temperature of both phases is varied in the range of 30 ◦C
to 70 ◦C. The temperature increment changes the properties of the phases (such
as desity, viscosity and surface tension), which affect the dimensionless numbers
concern in the current investigation. A summary of the cases studied is given in
Table 5.1 along with the corresponding viscosity ratio, Morton number and Eötvös
number. These dimensionless numbers represent only the properties of the phases,
hence can be determined prior to the experiments.
5.2.1 Transient droplet shape oscillation
Figure 5.9: The comparison of the typical shape deformation for different droplet
sizes falling at various temperature: (a) 2.67 mm, (b) 3.19 mm, (c) 4.86 mm and (d)
5.56 mm.
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Figure 5.9 shows the comparison of typical shape oscillations of different sizes
droplet at various temperatures obtained from image sequences captured during
the experiments. The vertical axis denotes the distance from the water surface. It
can be observed that, at the early stage of the fall, the droplets behave similarly
in term of shape oscillations for the droplets with the same size but at different
temperatures. However, the shape oscillations start to have different pattern after
about 10 mm falling in the water, especially for the larger droplet. In order to get a
quantitative comparison, the ensemble average of the droplet dimensions for each
size and temperature are plotted as seen in Figure 5.10. From Figure 5.10a, it was
found that by increasing temperature, the droplet dimensions slightly increased
but not affecting the oscillation. In contrary, for 3.19 mm droplets in Figure 5.10b,
Figure 5.10: Time evolution of the ensemble average of droplet horizontal (equator)
and vertical (polar) dimensions for different droplet sizes falling at various temperature:
(a) 2.67 mm, (b) 3.19 mm, (c) 4.86 mm and (d) 5.56 mm.
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oscillation amplitude enlarge with increasing temperature as well as the time to
suppress the oscillations to reach steady state. This condition is more pronounced
for the vertical dimension of the droplets, which have larger oscillation amplitude
compare to the horizontal dimension. Similarly, for 4.86 mm droplets in Figure
5.10c, the droplets behave likewise but with higher amplitude and lower oscillation
frequency. However, the situation is suddenly different when the temperature is
increased to 60 ◦C. The horizontal dimension oscillates with the upper amplitude
is getting more significant over time. In contrast, the vertical dimension oscillates
with the lower amplitude getting more significant over time. Likewise, the same
behaviour is also observed for 5.56 mm droplets in Figure 5.10d.
5.2.2 Evolution of aspect ratio
Since the Eötvös number remain constant with increasing temperature, the droplet
deformation characteristic is discussed using another important dimensionless
parameter called viscosity ratio. Unlike Eötvös number, the viscosity ratio of liquid
gallium droplet in water significantly varied with different temperature. In this
section, therefore, a range of viscosity ratio for the two-phase fluid system is used
to investigate its effect on the dynamic of a free-falling droplet. In the present
experiments, the different temperature of the liquid gallium and water caused the
viscosity variation of both phases resulting in a range of viscosity ratio from 174 to
332 as shown in Table 5.1. The evolution of droplet shape in term of aspect ratio
for the varying viscosity ratio are plotted together in Figure 5.11 for each droplet
size and the dominant aspect ratio oscillation obtained from FFT analysis of those
cases in Figure 5.11 is summarise in Table 5.2. For the smallest droplet case, with the
increase of viscosity ratio, the initial droplet shape deviates more towards the upper
limit of spherical. The aspect ratio has no significant oscillation and eventually
stabilize at about 0.95 for all the cases.
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Table 5.2: The dominant aspect ratio oscillation frequency for each size of the falling
droplet at different viscosity ratio obtain by FFT analysis.
Oscillation Frequency[Hz]
Case Eo
174 211 250 290 332
T 0.51 11.72 11.72 11.72 11.72 7.82
S 0.73 85.94 66.41 66.41 66.41 62.50
M 1.68 35.16 35.16 35.16 35.16 35.16
L 2.21 31.25 31.25 31.25 31.25 31.25
Figure 5.11: Time evolution of the ensemble average of aspect ratio for different
droplet sizes falling at various temperature: (a) 2.67 mm, (b) 3.19 mm, (c) 4.86 mm
and (d) 5.56 mm.
The variation in viscosity ratio does not give much effect due to the small Eötvös
number of the droplet, which means the surface tension is dominant, preventing
significant deformation. For the case of S droplets in Figure 5.11b, it can be seen
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clearly that the droplets oscillate around a mean shape of oblate-spheroid (except
for the lowest viscosity ratio which remains spherical) with higher viscosity ratios
yield a higher oscillation amplitude. The droplet with the lowest viscosity ratio
oscillates at a frequency of 85.94 Hzwith another frequency peak at 11.72 Hz. The
lower oscillation frequency value matched the dominant frequency value of the
same viscosity ratio for the T droplet with Eötvös number of 0.51. Increasing the
viscosity ratio reduced the dominant oscillation frequency, while the other lower
oscillation frequency remains at a similar value. Although the oscillation amplitude
increased with viscosity ratio, the time taken at which the droplet reaches a steady-
state does not change much. All the S droplets reached steady-state with the shape
of oblate-spheroid with an aspect ratio of about 0.88 except for the lowest viscosity
ratio, which remains spherical. TheM droplets behave similarly for the three low
viscosity ratio with an oscillation frequency of 35.16 Hz and achieved steady-state
at about 0.12 s. Nevertheless, the situation is suddenly different when the viscosity
ratio is increased to 290. The amplitude of oscillation is now amplified over time
with decreasing oscillation asymptote (to be more oblate-spheroid). However, the
dominant oscillation frequency is unaffected. The L droplets in Figure 5.11d follow
this trend for all viscosity ratios with a lower oscillation frequency of 31.25 Hz. It is
worth noting that increasing viscosity ratio slightly reduced the oscillation frequency
for the small droplets, but not affecting the large droplets. This is similar to the
finding by Schroeder & Kintner (1965), which stated that the oscillation frequency
is not significantly influenced by the viscosity of both the dispersed and continuous
phases. Hence, as discussed in Section 5.1.4, the shape oscillations frequency of a
free-falling droplet are sensitive to Eötvös number rather than viscosity ratio. The
competition between gravitational and surface tension forces
5.2.3 Evolution of Reynolds number
The time evolution of the Reynolds number based on the instantaneous falling
velocity of the centre of mass of the droplets is depicted in Figure 5.12 for all
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investigated cases. The sphere equivalent diameters were used to calculate the
instantaneous Reynold number in order to isolate the effect of droplet deformation.
Higher viscosity ratio produced a higher Reynolds number for all droplet sizes. This
could be due to the increase in temperature significantly reduce the viscosity of the
continuous phase (water), leading to less viscous resistance to the droplet motion.
It is also noted that the aspect ratio oscillations periodically affect the falling velocity
of the droplet to oscillates a frequency of about double the oscillation frequency
of the aspect ratio. For instance, this can be seen in Figure 5.12b and d which
Figure 5.12: The Reynolds number evolution of the different droplet sizes falling at
various temperature: (a) 2.67 mm, (b) 3.19 mm, (c) 4.86 mm and (d) 5.56 mm.
marked two complete oscillation cycles (between two red dashed lines) while the
corresponding aspect ratio in Figure 5.11b and d, respectively have completed only
one oscillation cycle in the same time range. This is a clear indicative of a strong
relationship between droplet kinetic behaviour (such as falling velocity) and droplet
shapedeformation for thepresent experimental resultswhich is qualitatively inverse
the finding by Keshavarzi et al. (2014) for a rising bubble in viscous liquid.
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At the high Reynolds number range in the present experiments, the surface friction
has a less contribution compare to the non-uniform pressure around the droplet
(Shao et al., 2017). Theoretically, the deformation of a falling viscous droplet in
which affecting the droplet’s velocity is dependent on several factors such as Weber
number (Taylor & Acrivos, 1964) which is the ratio of continuous fluid stresses to
surface tension stresses. The evolution of the instantaneous Weber number for the
free-falling droplets for each droplet size at various viscosity ratios is illustrated in
Figure 5.13. At a small Weber number, the droplet tends to remain spherical due to
the dominant of surface tension (Loth, 2008). This is the case for the smallest droplet
size in the present experiment, which evident qualitatively from Figure 5.9a and
quantitatively from Figure 5.11a. However, as the droplet size increased to 3.19 mm,
especially for viscosity ratio of 211 and above, a strong sphere-oblate oscillation
can be observed at the beginning of the fall. This outcome is unanticipated to some
extent, considering the instantaneous Weber number is quite too low (≤ 1.4) for a
significant shape deformation to occur. This shape oscillation could be attributed to
the impulsive force due to the droplet detachment process, as mentioned in Section
5.1.3. Even though the impulsive force vanishes over time, the shape oscillations rest
at oblate-spheroid shape as the Weber number increased to a higher value where
the surface tension could no longer resist the deformation caused by the inertial
force (Loth, 2008). It can be seen that the 3.19 mm droplets obtained equilibrium
shape while the velocity still increasing.
For the large droplets, Weber number increased rapidly as soon as the droplets fall
due to the increased velocity. Due to the higher kinetic energy proportional to the
surface tension forces, the shape of the droplets with high Weber number deviate
largely from a spherical shape. However, it is found that increasing the temperature
(hence the viscosity ratio) of the phases has little effect on the Weber number. In
contrast, the droplet shape oscillations significantly affected especially when the
temperature is increased from 50 ◦C to 60 ◦C for 4.86 mm droplets and from 60 ◦C to
70 ◦C for 5.56 mm droplets where the maximum oscillation amplitude went beyond
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Figure 5.13: The Weber number evolution of the different droplet sizes falling at
various temperature: (a) 2.67 mm, (b) 3.19 mm, (c) 4.86 mm and (d) 5.56 mm.
spherical shape limit into prolate-spheroid (aspect ratio ≥ 1.1). For these cases,
the shape oscillations continue with the amplitude of the oscillations amplified
over time. This oscillation amplitude amplification is related to the decrease in the
continuous phase viscosity (which is the major damping factor (Miller & Scriven,
1968)) by increasing temperature and the large initial aspect ratio in addition to the
less dominant surface tension for the droplet with high Weber number.
5.3 Effect of droplet deformation on drag coefficient
We have shown in the previous sections that the transient velocity of the falling
droplets is profoundly affected by the droplet deformation. Subsequently, those
effects will influence the pressure distribution inside and surrounding the droplet,
which will alter the drag force. Drag is an essential parameter as many solutions
of practical fluid flow problems involve the estimation of the drag coefficient.
Therefore, in the present study, a theoreticalmodel to obtain the drag coefficient as a
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function of Reynolds number and fluid properties is developed. Then, experimental
values obtained by image processing are used to calculate drag coefficients and
the effect of deformation are investigated. A simple correlation for a free-falling
droplet in quiescent fluid based on gravitational, buoyancy and drag forces balance









Note that the equivalent diameter which obtained from Equation 3.4 (in Chapter 3)
is used in this equation to remove the effect of deformation. vT in the equation refers
to the terminal velocity of the droplet. As evident from Figure 5.2 in Section 5.1.2,
the velocity of the droplets become terminal after 200 mm regardless the size of the
droplets. After analysing the droplet’s velocity under different thermal conditions, it
was observed that each droplet in the investigation could attain a terminal condition
after falling a distance of 200 mm. Hence, the droplet image sequence ranging from
200 mm to 250 mm below the nozzle was selected to calculate the average droplet
terminal velocity and steady-state drag coefficient. Surprisingly, instead of the
significant effect of temperature (hence viscosity ratio) on the transient velocity as
discussed in Section 5.2.3, we did not observe any significant difference in terminal
velocity by varying the temperature of liquid gallium and water as depicted in
Figure 5.14 (further discussion later in this section). It appears that the velocity
oscillations in the transient state do not affect the terminal velocity of the droplets.
However, the terminal velocity is dependent on the droplet size. Knowing the
terminal velocity, Equation 5.1 can be rearranged to get drag coefficient based on








where ReT is the terminal Reynolds number calculated based on the droplet’s
terminal velocity. The drag coefficient was also derived from the experimental
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Figure 5.14: The terminal velocity of free falling liquid gallium droplet in water.
results. In order to obtain the exact value of the drag coefficient, the droplet
deformation was considered. Instead of sphere equivalent diameter, the droplet’s
actual frontal diameter obtained directly from the images through image processing
was used. Figure 5.15 compares the drag coefficient calculated from Equation
5.2 with those from experiment along with the classical curve of drag coefficient
of a solid sphere. It can be observed that values predicted by Equation 5.2 are
overestimated the values obtained fromexperiments except for the smallest droplets.
However, an acceptable agreement between theory and experiment was validated
by the minimal discrepancy between theoretical and experimental values. The
differences in those valuesmay be due to the effect of deformation that been ignored
in the derivation of Equation 5.2.
Moreover, it is noted that as the Reynolds number increases, the experimental drag
coefficient values deviated (increased) from those calculated for an equivalent solid
sphere and the difference are more pronounced for the large droplets. Thus, it
is clear that the drag coefficient of a liquid droplet does not only depend on the
Reynolds number (Wegener et al., 2014). The enhancement in droplet drag is due to
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Figure 5.15: The relationship between drag coefficient and Reynolds number of the
free falling liquid gallium droplet in water (open symbols are experimental values and
filled symbols are theoretical values).
increased pressure drag and change in boundary layer separation point which both
of them are induced by droplet deformation (Winnikow, 1966; Green et al., 1993).
The representative photographs of different sizes of liquid gallium droplets used
in our experiment at the terminal condition for different temperature are given
in Figure 5.16. Figure 5.17 illustrates the dimensions of those droplets obtained
from image processing of the images for five sequences for each case and their
corresponding aspect ratio is given in Figure 5.18. It can be seen that for the smallest
droplets, the steady-state shape is spherical, while for sphere equivalent diameter
from 3.19 mm to 5.56 mm, the droplet is deformed with aspect ratio is always below
0.9. Thus we can classify the droplets as oblate-spheroid. The deformation of the
droplets from the spherical shape can also be confirmed visually from the images in
Figure 5.16. Due to aerodynamic and hydrostatic pressure, the droplet aspect ratio
continues to increase with droplet diameter(Béguin et al., 2017). Referring to the
fluid particle shape regimes proposed by Clift, R., Grace, J.R., Weber (1978) (Figure
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Figure 5.16: The typical steady-state shape of free-falling liquid gallium droplets in
water at different temperature.
2.7 in Chapter 2), the corresponding shape regions for the droplets in the present
experiments are spherical for the smallest droplet and ellipsoidal for the rest of the
droplets which are confirmed from droplet observations. Furthermore, with the
Reynolds number in the current investigation ranging from 103 to 104 (except for
the smallest droplets), this observationmight extend the conclusionmade by Taylor
& Acrivos (1964) to a wider range of Reynolds number, which stated that a droplet
moving at a lowReynolds number is likely to deform into an oblate-spheroid instead
of a prolate-spheroid. It is also noted that the temperature of the fluids does not
have a significant effect on the steady-state shape of a liquid gallium droplet.
Deformation occurs because of the interplay between pressure distribution and
surface tension. The pressure distribution produces local fluid-dynamic stresses,
which are controlled by the viscosity ratio (which controls the circulation inside
droplet) and Reynolds number (which controls the importance of viscosity). As
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Figure 5.17: Comparison of steady-state horizontal (thin bar) and vertical (wide bar)
dimension of free-falling liquid gallium droplets in water at different temperature.
Figure 5.18: Comparison of the steady-state aspect ratio of free-falling liquid gallium
droplets in water at different temperature.
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evident from Figure 5.16 to 5.18, the increase in viscosity ratio which induced by
increased in the temperature of the phase do not affect the final shape of the falling
droplet (further explanation will be discussed later in this section). Another critical
parameter governing the shape of droplet is surface tension. For a droplet inmotion,
the surface tension is affected by the Weber number the ratio of continuous fluid
stresses to the surface tension stresses. The droplet deformation is caused by the
continuous fluid stresses, while the surface tension stresses oppose the deformation.
Figure 5.19 shows the relationship between the aspect ratio andWeber number of
the free-falling liquid gallium droplet in the water at the steady-state condition for
different viscosity ratio. Internal circulation inside thedroplet causedby theviscosity
ratio, which produces high pressure at the leading and trailing edge of the droplet,
tends to cause prolate shapes. On the other hand, fluid surrounding the droplet
also produces a high-pressure zone at the trailing and leading edges of the droplet
and a low-pressure zone near the equator (Helenbrook & Edwards, 2002). This
opposes the effect of internal circulation and tends to cause oblate droplet shapes
(Helenbrook, 2001). In our experiments, the viscosity of the dispersed fluid (liquid
gallium) is relatively large compared with the continuous fluid (water), giving a high
viscosity ratio. This condition restricts the internal circulation; hence, the droplets
are deformed in an oblate-spheroid. As expected, droplet shape at steady-state
condition is very much less affected by the viscosity ratio but is rather dependent
on droplet size andWeber number (Helenbrook & Edwards, 2002). The correlation
is found to follow a exponential trend line:
E = 0.9875e−0.0882We (5.3)
For droplets with small values of Weber number, the values of the aspect ratio
are about 0.9, which is the lower limit of spherical shape (nearly oblate-spheroid)
and tend to decrease as the Weber number decreases. This trend indicates that at
lowWeber number, the surface tension can counterbalance the continuous fluid
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Figure 5.19: The relationship between aspect ratio and Weber number of the free-
falling liquid gallium droplet in water for different viscosity ratio.
stresses. However, as the Weber number increases, the continuous fluid stresses
become significant up to a point where the surface tension can no longer resist
the deformation from occurring. This may also explain why no significant change
in the terminal velocity is observed. The restricted internal circulation increases
the velocity gradient at the liquid-liquid interface producing higher shear stresses
at the interface. The effect of lower buoyancy force due to lower water viscosity
caused by increasing temperaturemay be cancelled by themore substantial viscous
dissipation between the phases. The overall effect is that the terminal velocity is
unaffected by the temperature range used for the present experiments.
In order to further quantify the effect of pressure distribution on droplet deforma-
tion, the relationship between the aspect ratio and Reynolds number for different
droplet sizes are plotted in Figure 5.20. While the data exhibits some scattering,
the aspect ratio remains almost constant as a function of Reynolds number and
depends more on droplet diameter. This phenomenon is most pronounced for
Reynolds number in the range of 2000 to 8000, where the Reynolds number for
small and large diameter droplets overlap. At a constant sphere equivalent diameter
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and terminal velocity, only two parameters in Reynolds number were varied by
temperature, the density and viscosity of the continuous phase (water). Based on
this, we can say that the viscous force has a negligible effect on droplet deformation
at the terminal condition. Hence, it is reasonable to conclude that the steady-state
droplet shape and deformation are influenced mainly by interfacial surface tension
and inertial force and is less affected by the viscous force and pressure distribution.
Figure 5.20: The relationship between aspect ratio and Reynolds number of the
free-falling liquid gallium droplet in water for different viscosity ratio.
This conclusion is similar to the Hadamard-Rybczynski solution which states that
pressure distribution due to viscous force does not produce deformation for Stokes
flow over a droplet and that a droplet of liquid is only affected by viscosityminimally
(Taylor & Acrivos, 1964; Clift, R., Grace, J.R., Weber, 1978).
5.4 Conclusions
An experimental study has been conducted on the effect of shape and deformation
on velocity and drag coefficient of free-falling liquid gallium droplet in water. The
characteristic of shape deformation and velocity are investigated both during
122 5.4 Conclusions
transient and steady-state. Liquid gallium and water were held at temperatures in
the range of 30 ◦C to 70 ◦C, selected in order to produce a significant variation in
physical properties (density, viscosity and surface tension). In the transient state,
the shape of the droplets is highly oscillated around amean aspect ratio in the region
of oblate-spheroid shape, except for the smallest droplet which remains spherical
without significant oscillation. It is found that the shape oscillation induced the
falling velocity to oscillate at a frequency of double the frequency of the aspect
ratio. Moreover, increasing the viscosity ratio enhanced the oscillation amplitude.
However, the oscillation frequency is not sensitive to viscosity ratio.
For steady-state analysis, a simple theoretical drag coefficient correlation has
been proposed and then compared with the experimental data. The sphere
equivalent diameter was used in the correlation to calculate the drag coefficient.
Considering the error caused by the assumption that the droplet remains spherical,
the correlation agrees well with empirical data of drag coefficient for droplets with a
Reynolds number in the range of 103 < Re < 104. Consequently, the effect of three
independent non-dimensional parameters, namely viscosity ratio, Weber number
and Reynolds number on the dynamic droplet shape, which has a direct influence
on drag coefficient, were examined. It was found that for 2 < WeT < 4.5 the shape
of droplets tend to deform into an oblate-spheroid. The oblateness was seen to
increase in extent with the Weber number. The droplet shape and deformation at
terminal condition are strongly dependent on the interfacial surface tension and








Drag Reduction of Free-falling Liquid
Droplet by Leidenfrost Vapour Layer
T
HE following chapter investigate the ability of Leidenfrost effect to reduce
drag coefficient of free-falling liquid gallium droplet. The continuous
phase was changed from water to FC-72 liquid in order to make it easier
to sustain a continuous vapour layer on the droplet surface. This is due to FC-72 has
a significantly lower vaporization heat capacity (about 30 times lower) and a lower
boiling point (56 ◦C) as compared to water (Jetly et al., 2019). In the experiments,
the initial temperature of liquid gallium was varied in the range of 40 ◦C to 170 ◦C,
while the temperature of FC-72 liquid was kept constant at 50 ◦C (near the boiling
point of FC-72 liquid) for all cases.
6.1 Droplet shape and vapour layer formation
The droplet shape and vapour layer formation were determined using high-
magnification video captured by the additional optical system (camera 2). Figure
6.1 shows the typical snapshots of liquid gallium droplets at just below the surface
of FC-72 liquid at the top of the column during falling motion (t = 0 s) for different
droplet initial temperatures. The droplets were found to have a teardrop-shape
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with a high curvature at its rear end, distinct from the initial shape of liquid gallium
dispersed inwater as discussed in the previous chapter which has a prolate-ellipsoid
shape for droplet with the same volume. It is also noted that the 40 ◦C droplet have a
fat tail (less curvature) and the curvature at the rear of the droplets increases forming
a thinner tail as the temperature of the droplet increase. Figure 6.2 depicts the initial
droplet dimension (refer Figure 6.1g for the definition of the dimensions) obtained
from image processing of the images for five trials for each case and their corre-
sponding aspect ratio is given in Figure 6.3. As can be seen in Figure 6.2, the largest
horizontal dimension (equator) of the droplet for each case is very consistent with
a very small error bar which represent one standard deviation from the mean value
of five trials and no significant change with increasing temperature. On the other
hand, the largest vertical dimension (polar) dramatically increased from 8.34 mm to
11.17 mm when the droplet temperature is increased from 40 ◦C to 50 ◦C. However,
further increasing the temperature do not affect the polar dimension. Since the
droplets are highly elongated in vertical axis, the aspect ratio values are well above
1 ranging from 1.65 to 2.07. This deformation is unexpected for a droplet with low
Eötvös number (Eo =0.0019 for the droplets in the present experiments) which
indicate the dominant of surface tension resisting the droplet deformation over
gravitational force. A possible explanation for this deformation is the solidification
of the outer layer of the droplets by a gallium oxide film. The liquid gallium droplets
could be exposed to oxygen inside FC-72 liquid in the column. As FC-72 liquid is
a perfluorohexane solvent, which has a high oxygen solubility (Dias et al., 2003),
dispersing a hot liquid gallium droplet inside it could release oxygen in the vicinity
of the droplet. As a result, the surface of the droplets instantaneously oxidised since
liquid gallium is highly reactive towards oxygen (Dickey et al., 2008). This oxide skin
acts as a passivating layer preventing the bulk material from further oxidation and
yield stiffness to the liquid gallium surface (Regan et al., 1997). The mechanically
stable solid-like oxide layer (Larsen et al., 2009) holds the elongated shape of the
dispersed droplet.
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(a) (b) (c) (d)
(e) (f) (g)
Figure 6.1: The typical snapshot of liquid gallium droplet after detachment from the
nozzle at different temperatures: (a) 40 ◦C, (b) 50 ◦C, (c) 70 ◦C, (d) 90 ◦C, (e) 130 ◦C,
(f) 150 ◦C, and (g) 170 ◦C
As can be seen in Figure 6.1a and 6.1b, no boiling is occurred for the case of 40 ◦C
and 50 ◦C, respectively. This is expected as the boiling point of FC-72 is 56 ◦C. The
droplet started to exhibit nucleate boiling phenomena at a droplet temperature of
70 ◦C as testified by the presence of vapour bubbles on the surface of the droplet
in Figure 6.1c. The first manifestation of Leidenfrost effect was noticed at droplet
temperature of 90 ◦C. This is evident by the disappearance of nucleate bubble
and the formation of a film of vapour on the droplet surface (Figure 6.1d). The
fully-developed Leidenfrost regime was stable at droplet temperature of 130 ◦C,
indicated by the vapour layer stream moving upward on the droplet surface as
illustrated in Figure 6.1e. The same Leidenfrost temperature was reported by
Vakarelski et al. (2011) for a static metallic sphere magnetically suspended in FC-
72 liquid. The vapour layer thickness in their experiments was approximated in
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Figure 6.2: The initial dimension of the free-falling liquid gallium droplet in FC-72 at
different temperature.













Figure 6.3: The initial aspect ratio of the free-falling liquid gallium droplet in FC-72
at different temperature.
the range of 100µm to 200µm. Unfortunately we could not confirm the vapour
layer thickness in our experiment due to the limitation in the present experimental
setup. However, the value given by Vakarelski et al. (2011) could be used as a good
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estimation. The appearanceof surface ripples due to the streammovementbecomes
more distinguishable as the droplet temperature increases. This can be observed in
Figure 6.1f and 6.1g for droplet temperature of 150 ◦C and 170 ◦C, respectively.
A series of close-up images in Figure 6.4 illustrates the evolution of vapour layer
formation around the surface of the liquid galliumdroplets during free-fall insideFC-
72 liquid, each with different droplet temperatures, ranging above the FC-72 boiling
point. As mentioned before, 70 ◦C was not high enough to initiate film boiling;
evident by the continuous release of small bubbles as shown in Figure 6.4a, the 70 ◦C
droplet remained in nucleate boiling regimeduring the free-fall (refer Figure 6.5 for a
longer trajectory images). Since the droplet at temperature higher than Leidenfrost
point constantly vaporizes the surrounding liquid, a periodic released of vapour
bubbles from the apex of the droplet can be observed as it falls downward in the
liquid (Figure 6.4b-e). It is interesting to note that bubbles released by nucleate and
film boiling regimes can be distinguished according to the size and quantity of the
bubbles. Nucleate boiling progressively released abundant amount of small bubbles
from the whole droplet surface (similar to bubbles observed in fizzy drink), while
film boiling released only one relatively larger bubble at a time from the top of the
droplet. It appears that the size of the bubbles released by film boiling was increased
with increasing droplet temperature (see the dash arrows, which marks the first
vapour bubble pinch-off). Higher droplet temperature escalated the film boiling
which consequently forms a cavity of vapour. Apparently, the cavity formation was
developed towards a streamline shape before the droplet changed its downward
motion orientation (details on falling motion behaviour will be discussed in the
next subsection). This is evident by the movement of the rippling wave towards
the top of the droplet (see black arrows) and the shape of the forming cavity are
clearly seen in Figure 6.4e for the highest droplet temperature considered in the
present investigation. The Leidenfrost droplets are encapsulated in a vapour blanket
averting physical contact with the continuous liquid phase. However, the cavity
ruptured shortly after the droplet completely changed its orientation (not shown in
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the figure). The cavity rupture may be attributed to the vortex shedding in the wake




Figure 6.4: Video frame sequences of the free-falling liquid gallium droplet inside
FC-72 liquid. The time interval between successive images is 0.013 s for all cases.
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6.2 Hydrodynamic performance
In the previous section, the initial shape of the free-falling liquid gallium droplet in
FC-72 liquid and the presence of Leidenfrost vapour layer on its surface have been
examined qualitatively. The existence of this vapour layer affects the boundary
condition at the interface which changed from liquid-liquid to vapour-liquid
interface which is close to a stress-free boundary condition (Vakarelski et al.,
2014). This consequently influence the behaviour of fluid flow and the related
hydrodynamic drag. In the present section, the effect of this lubricating vapour
layer on the dynamic of the free-falling liquid gallium droplet is presented with the
focused to its drag reduction ability.
6.2.1 Falling motion
Camera 1 captured a longer path of the droplet covering from transient to quasi-
steady state condition. Figure 6.5 shows the typical falling behaviour of liquid
gallium droplets in FC-72 liquid for different droplet temperatures. The droplet
images in the same figure are the same droplet and the time interval between two
consecutive images is 0.05 s. As can be seen, shortly after beginning the falling
motion, all droplets started to change their orientation so that the largest projection
area are normal to the falling direction. Eventually, the droplets obtained the stable
equilibrium orientation and continue to fall steadily in equilibrium orientation with
some minor horizontal oscillation. Additionally, the falling motion of 40 ◦C and
50 ◦C droplets involved a rotating motion around a vertical axis (Figure 6.5a and
6.5b). It is also noted that droplets with temperature of 130 ◦C and above continue
to release relatively large bubbles in the equilibrium orientation which trapped in
the droplets wake until the droplets went out of camera view. This is an indication
of the droplets are remained in film boiling regime for a long falling period. In this
regime, the vapour layer act as insulation preventing the heat transfer between the
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droplet surface and the continuous phase (Vakarelski et al., 2012). As a result, the
droplets remain at high temperature for an extended time.
(a) (b) (c) (d) (e) (f) (g)
Figure 6.5: The typical trajectory of falling liquid gallium droplet in FC-72 at different
temperatures: (a) 40 ◦C, (b) 50 ◦C, (c) 70 ◦C, (d) 90 ◦C, (e) 130 ◦C, (f) 150 ◦C, and
(g) 170 ◦C.
In order to facilitate comparison, the trajectory of those cases in Figure 6.5 are
plotted together in Figure 6.6. As can be seen, all droplets display rectilinear path
firstly. Shortly after that, the path starts to deviate from straight line. With the
increase of droplet temperature, the droplet could maintain the rectilinear path
for a longer distance and display less horizontal motion oscillation. The falling
trajectory stabilization for droplets in Leidenfrost regime is attribute to the effect
vapour layer. Similar result was reported by Vakarelski et al. (2014) for free-falling
Leidenfrost solid sphere. The 40 ◦C droplets experienced lateral translation at about
y = 25 mm, while the others at a deeper depth of about y = 50 mm. The lateral
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deviation of a droplet’s path is known to be caused by shape asymmetries or periodic
vortex shedding in the wake, or both, which in the present investigation happen
during and after the droplets changed their orientation. In equilibrium orientation,
the highly elongated droplets are assumed to behave like a solid disk. The wake
behind a solid disk becomes unsteady at Reynolds number of 140 (Goldburg &
Floksheim, 1966). For the Reynolds number range in the present experiments (Re
∼ 105), a constant shedding of helical vortices was observed in flow-visualization
experiments on the wake of a solid disk as reported by various researchers (Berger
et al., 1990; Cannon et al., 1993; Miau et al., 1997). Hence, the path deviation from
a vertical straight line in the present experiments might be attributed to the wake
instability induced by the periodical detachment of vortices from the falling droplet.
Figure 6.6: The typical trajectory of free-falling liquid gallium droplet in FC-72 at
different temperatures.
The variation in horizontal displacement from each trial was quantified in terms of
standard deviation. Figure 6.7 depicts themean trajectory averaged over five runs of
each droplet temperature; the shaded area shown in the plots represent the standard
deviation of the mean value. These results would suggest that the experiments is
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highly reproducible for shallower depths, before change in droplet orientation or
vortex shedding occurs. After achieving equilibrium orientation, droplets display
neither extreme rectilinear nor helical, but slightly oscillatory paths. However, the
oscillation from the mean trajectory value are relatively small. Thus, in general, the
trajectory of the droplets are rectilinear. Nonetheless, the results in Figure 6.6 are
typical examples.
Figure 6.7: The mean trajectory of the free-falling liquid gallium droplet from 5 trials
for each temperature; the shaded area represent standard deviation: (a) 40 ◦C, (b)
50 ◦C, (c) 70 ◦C, (d) 90 ◦C, (e) 130 ◦C, (f) 150 ◦C, and (g) 170 ◦C.
6.2.2 Velocity
Falling velocity is calculated from the first derivative of x and y position coordinate
using finite difference method as discussed in Chapter 3. Figure 6.8 shows the
dropletmean velocity as a function of the distance from the free surface for different
droplet temperatures. Velocity is presented starting with the first frame after the
droplet is detached from the nozzle and entirely submerged below the free surface.
The droplet instantaneous velocity begins to rise rapidly after the detachment,
approaching amaximumvelocity. For the 40 ◦C droplet, the velocity quickly reaches
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a maximum value at y = 9 mm. In the case of the higher temperature droplets,
increasing droplet temperature helps stabilize the droplet for a longer period,
allowing more time for the droplet to accelerate in streamline orientation. As a
result, the droplet was able to obtain a higher maximum velocity, and at a deeper
location inside the column. The depth where the maximum velocity of the six
droplets by increasing temperature are: y =24 mm, 22 mm, 20 mm, 27 mm, 26 mm
and 30 mm. After that, due to the change in droplet falling orientation, the velocities
of all the droplets decrease sharply to a minimum value. After the droplet achieved
its equilibrium orientation, the velocity increases again, slowly towards a quasi-
steady state. It is observed that all the droplets in current investigation could attain
a quasi-steady state after falling a distance of 180 mm.
Figure 6.8: The velocity of the free-falling liquid gallium droplet in FC-72 at different
droplet temperatures as a function of the distance from free surface.
The reproducibility of the velocity and acceleration measurements are presented
in Figure 6.9. The solid lines and shaded area in the figure represent the ensemble
average and one standard deviation from the mean values, respectively. The
velocity and acceleration evolution can be divided into four regions: I, the first
acceleration when droplets are in streamline orientation; II, the deceleration due
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to droplet’s orientation change; III, the second acceleration after droplet reaches
equilibriumorientation; and IV, the quasi-steady statewhere the asymptotic velocity
oscillates around mean terminal velocity. The small shaded error interval for
instantaneous velocity in the region I and II proves the consistency ofmeasurements
from trial to trial in those regions. As illustrated in Figure 6.9a, the 40 ◦C droplet
reached maximum velocity swiftly at t = 0.015 s, while the other droplets approach
maximum velocity for a longer time, in the range of 0.035 s to 0.050 s (Figure 6.9b-g).
The maximum velocity mark the end of region I and the instantaneous velocity
starts to decelerate rapidly in region II. The orientation changing process ends when
the droplet reaches the minimum velocity at the end of region II. After the droplet
obtained the equilibrium orientation, the randomness of vortex shedding behind
the droplet caused the velocity to oscillate, and hence the larger error interval in
region III and IV. It is also noted that in all cases, the droplets reached a quasi-steady
state in region IV. Therefore, the instantaneous velocity in this region was selected
to obtain the averaged terminal velocity. The maximum and terminal velocities of
the droplets are summarized in Figure 6.10.
The acceleration of droplets are computed from the secondderivative of the position
coordinate and plotted together with velocity (the blue curve below the velocity
curve) in Figure 6.9. The positive values in the figure indicate acceleration and
negative values represent deceleration. All droplets follow a similar pattern where
the droplets expereince a first acceleration in region I, decelerate in region II, the
second acceleration in region III and converge to asymptotic value of 0 m s−2 in
region IV. The maximum acceleration for Leidenfrost droplet is 5.64 m s−2, which
is equal to 57 % of the gravitational acceleration. The acceleration measurements
reproducibilty is found to have a similar trend as the velocity measurements.
Figure 6.10 shows the dependence of the maximum and terminal velocities with
droplet temperature in the range of 40 ◦C to 170 ◦C. An initial increase in droplet
temperature from 40 ◦C to 50 ◦C results in a moderate increase in the maximum
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Figure 6.9: The temporal evolution of velocity and acceleration of free-falling liquid
gallium droplet in FC-72 at different temperatures: (a) 40 ◦C, (b) 50 ◦C, (c) 70 ◦C,
(d) 90 ◦C, (e) 130 ◦C, (f) 150 ◦C, and (g) 170 ◦C.
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velocity of about 37 %. As discussed previously, such enhancement is mainly
due to the droplet with higher temperature remaining stable for a longer period
allowing more time for the droplet to accelerate in a streamline orientation. No
further enhancement in themaximumvelocity is observed by increasing the droplet
temperature to nucleate boiling regime and unstable film boiling regime. However,
once the droplet temperature enters the stable film boiling regime, 130 ◦C, a slight
increase in maximum velocity is observed of about 10 % to nearly constant value of
about 0.61 m/s over the temperature range considered in the present experiments.
Furthermore, the maximum velocity of the droplet is compared with the theoretical









where deq is the spherical volume equivalent diameter as the droplet is assumed to
be spherical with drag coefficient of 0.46, which is the average value for sphere
at subcritical Reynolds number (103 ≤ Re ≤ 3× 105) (Clift & Gauvin, 1971;
Bagheri & Bonadonna, 2016) since the maximum Reynolds numbers in the present
experiments isRemax ∼= 104.
It is found that the 40 ◦C droplet reached 62 % of the theoretical terminal velocity
value. Increasing the temperature It is found that the maximum velocity obtained
by the droplets in streamline orientation is about 90 % of the theoretical terminal
velocity. On the other hand, regardless of droplet temperature, the terminal velocity
are varied around average value of 0.4 m/s.
6.2.3 Drag coefficient
Drag coefficient is calculated based on a simple balance correlation of buoyancy,
gravity and drag force as discussed in Chapter 3. Figure 6.11 illustrates the droplet
drag coefficient evolution as a function of time. It is found that the trend of drag
coefficient is inversely proportional to velocity evolution. As drag coefficient is
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Figure 6.10: Variation of the maximum (open red square), theoretical value of terminal
velocity of an equivalent sphere volume based on Equation 6.1 (filled red square) and
terminal (open blue circle) velocities with droplet temperatures.
related to the droplet projection area in themotion direction, a zoomed snapshots of
the droplet are overlapped in Figure 6.12 to elucidate the relationship between them.
Due to the nature of a non-spherical body to adopt an orientation which produce
highest resistant to motion (Bagheri & Bonadonna, 2016), the droplet changed its
orientation almost immediately after detachment as shown in Figure 6.12a. This
behaviour clearly reflects in the corresponding velocity and drag coefficient curves,
where the instantaneous velocity rise just for a while before sharply decreasing
and inversly for drag coefficient. Increasing the droplet temperature helps stabilize
the droplet for a longer period, allowing more time for the droplet to accelerate in
a streamlined orientation (Figure 6.12b-g). As a result, the droplet velocity was
able to reach a higher maximum velocity. At the same time, the vapour layer
which covers the surface of the droplet (partially for droplet at 70 ◦C and 90 ◦C)
reduced thedrag coefficient also contribute to thehighermaximumvelocity. Evident
by the movement of the rippling wave towards the top of the droplet, it can be
observed clearly in Figure 6.12e-g that the stable Leidenfrost vapour layer is not
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Figure 6.11: The temporal evolution of drag coefficient of free-falling liquid gallium
droplet in FC-72 at different temperatures.
Figure 6.12: Snapshots of the free-falling liquid gallium droplet in FC-72 at different
droplet temperatures.
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only covering the droplet surface, but seems to form a vapour blanket enveloping
the droplet. However, the blanket development was restrained after the droplet
changed its orientation. This is due to the wake behind the droplet induced by its
equilibrium orientation. The drag coefficient curves in Figure 6.11 are obtained
with the approximation of a spherical equivalent droplet. Therefore, the curves are
actually only valid until the point before droplets start changing their orientation.
Examination of Figure 6.12 reveals that the droplets begin the process of changing
their orientation at about t =0.06 s (except for 40 ◦C which change it orientation at
muchearlier time), which are actually the timewhen thedroplet obtainedmaximum
velocity and minimum drag coefficient. After that, the droplet are more like an
irregular shape of disk. As it is out of the focus of current investigation, we don’t
include the discussion here.





















Figure 6.13: Variation of the drag coefficient at maximum velocity with droplet
temperatures.
Figure 6.13 depicts the minimum drag coefficient of the free-falling droplet in
streamline orientation. These values are obtained at dropletsmaximumvelocity just
before the droplets start to decelerate. In this condition the droplets acceleration
are equal to zero and the forces (buoyancy, drag and gravity) are assumed to be
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in equilibrium state. Here we can’t see the dramatic drag coefficient reduction as
reported by Vakarelski et al. (2011). This is due to the droplet changed its orientation
during the free-fall and preventing the droplet from accelerate more towards the
true terminal velocity. As mentioned previously, for the bests case, the droplet only
obtained90%of the estimated terminal velocity. Should thedroplet fall in streamline
orientation longer, the terminal velocity will surpass the estimated value as the
estimated value is calculated without considering the drag reduction produced
by the Leidenfrost vapour layer. However, comparing the droplet with lowest
temperature (40 ◦C) and higest temperature (170 ◦C) considered in the present
investigation, a decrease of 57% in drag reduction can be observed.
6.3 Conclusions
In this work, the Leidenfrost effect drag reduction ability was investigated by the
means of free-falling experiments of liquid gallium droplet in FC-72. The liquid
gallium was heated up to 170 ◦C before dispersing it inside a vertical column filled
with FC-72 liquid at temperature of 50 ◦C. The liquid gallium droplet is formed in
tear-drop shape. Increasing the liquid gallium temperature tend to increase the
curvature of the tail of the droplet. Evident by the disappearance of nucleate bubble,
the first manifestation of Leidenfrost effect was observed for droplet at 90 ◦C. The
fully-developed Leidenfrost regime was stabled at droplet temperature of 130 ◦C
indicated by the vapour layer streammoving upward on the droplet surface. The
droplet changed their falling orientation shortly after beginning the falling motion.
Increasing the droplet temperature delays the start of orientation changing process.
It is noticed that the Leidenfrost droplets continue to be in the Leidenfrost regime
during the fall until the droplets went out of camera view. A 57 % drag reduction is







Numerical Simulation of Free-Falling
Liquid GalliumDroplet in Quiescent
Water
T
HIS chapter deals with the numerical simulationwork done in the present
study. Beginning with the description of the mathematical formulation
governing the motion of a viscous fluid droplet in another continuous
viscousfluiddrivenby gravitational force; the equationsdescribing theflowfield and
the immiscible liquid-liquid interface as well as the nondimensionalization. Then
the details of the numerical algorithm (a multiphase lattice Boltzmann method)
written in MATLAB implemented in the present investigation is presented. The
code was validated with published numerical results before simulating a single
viscous liquid droplet free-falling under gravitational force through a body of a
second viscous liquid. The aim of the work described in this chapter is to elucidate
the physics in play during the free-fall.
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7.1 Mathematical Formulation
7.1.1 Governing equations
The motion of a droplet of viscous fluid with an initial diameter d0 under the action
of gravity inside a square cross section straight walled column of inner side width,
W/Ls and height, H/Ls containing another viscous fluid is considered. Figure
7.1 illustrates the initial state of the system via a schematic diagram, where x
and y represent the horizontal and vertical direction, respectively. The system
Figure 7.1: Schematic diagram of the domain, initial configuration and boundary
conditions used in the simulation.
consists of two separated phases: a continuous fluid along with a dispersed fluid
which is initiated at the column entrance. In order to be consistent with the
numerical method section presented later, they are labelled as “red” (r) and “blue”
(b), respectively. These fluids are separated by an immiscible interface, Γ described
by the interfacial tension, σrb. The discontinuity of density, viscosity and pressure
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between both fluids are determined by this interface. Additionally, the location
associated with the discontinuity is regarded as a smooth surface, which connects
the individual phases by transmitting momentum between them. Thus, if there is




where ~xΓ represents the location on the interface.
The present investigation consider only incompressible Newtonian fluids. In
addition, it is assumed that both fluids are isothermal and have non-variable
dynamic viscosity and density as well as a continuous surface tension. The
fundamental equations that describefluidfloware theNavier-Stokes (NS) equations,
which represent the translation of the principle of the conservation of mass and
Newton’s 2nd law to a fluid system. Hence, with respect to the aforementioned
assumptions, the conservation of mass and linear momentum for each phase k can
be defined as:





+ ( ~uk · ~∇)~uk
]
= −∇pk +∇ · [µk(∇~uk +∇~uTk ) ] + Fb (7.3)
where ρk and µk are the local fluid constant density and dynamic viscosity of each
phase, ~uk, pk, T , and t represent the velocity, macroscopic pressure, temperature
fields of the fluid and time, respectively. Without the presence of electric, magnetic
or any other forces, Fb is referred to as the additional body force due to gravity, Fg
and the surface tension force, Fs.
Fg = ρk~g (7.4)
Fs = σrbκδΓ~n (7.5)
where σrb is the interfacial surface tension between fluid r and fluid b, δΓ is the
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dirac distribution function which means that the surface tension expression is
concentrated on the interface, κ is the interfacial local curvature dividing the two
phases and ~n is the unit normal to the interface. Both fluids in the system can
be represented by a single set of equations by introducing a jump of the different
quantities across the interface as follows:
[ xΓ] = xr − xb (7.6)
where xΓ represents the limiting values of a variable x when an interface is ap-
proached from phase k. This definition can be used to mathematically express the
change of other variables such as density and dynamic viscosity at the interface.
Furthermore, without the presence of phase change, the velocity field is consid-
ered to be constant across the interface or simply ~ur = ~ub. By utilizing these jump
conditions, NS equations associated to each individual phase together with the
gravitational force and surface tension force, can be developed to an entire domain
formulation as:





+ ( ~u · ~∇)~u
]
= −∇p+∇ · [µ(∇~u+∇~uT ) ] + ρ~g + σrbκδΓ~n (7.8)
where p, ρ and µ is the total pressure, total density and the total dynamic viscosity













The local density and viscosity of the fluid can be determined by introducing a
volume fraction scalar field. This is a normal distance function, where the modulus
of the function’s gradient is equal to 1(∇φ = 1) everywhere. The “positive” sign is
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selected on one side of the interface and “negative” on the other side. By using the
distance function d(x) between a position x and the interface Γ at a time t, this field
function can be described as follows:
d(x, t) = sign×min
xi∈Γ
( |x− xi( t) |) (7.12)
φd =

< 0 if x ∈ fluid r;
= 0 if x ∈ Γ;
> 0 if x ∈ fluid b
(7.13)
Γd = {x|φ(x, t) = 0} (7.14)
where xi are the coordinates of the interface and, of positive sign for fluid r and
negative for fluid b, using which the phases can be characterized by a Heaviside
(HS) function:
φ0 = HS =

−1 for d < 0;
0 for d = 0;
1 for d < 0
(7.15)
However, the utilization of the HS function represented by Equation 7.15 gives poor
results due to the sudden jump at the interface and the assumption of zero interface
thickness as depicted in Figure 7.2a. Therefore, it is unlikely for any standard
numerical approximation to give a good estimation to its integral because the
derivative of φ0 is equal to zero almost everywhere, except at δ(φ) = 0 where it
is infinite. In order to avoid the sharp rise while representing physical properties
across the interface associated with Equation 7.15, a first-order accurate smeared-
out approximation of δ(φ) is used. The interface is smeared over a region 2ε to get a
smooth HS function as illustrated in Figure 7.2b. It is zero in fluid b phase, unity in
fluid r phase and has intermediate values for the interface, Γ = {x|φ(x, t) ∼= 0.5}.
Then the delta function is defined as the derivative of the hyperbolic tangent
function (Figure 7.2c) and thus makes it possible for the surface integral to be
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evaluated by standard methods, for instance, the midpoint rule. Now, the HS
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Figure 7.2: Plots of: (a) The initial field function, (b) The smooth HS function, and
(c) The smooth delta function for ε = 0.01 and with the interface centred at d = 0.
function can be rewritten in the following form:
φ =












for − ε < d < ε;
1 for ε < d;
(7.16)
where ε is a parameter that controls the interface thickness in theorder of the average
mesh element size. The local density and viscosity of the fluid can be determined
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the by the equations below:
ρφ = φρb + (1− φ)ρr (7.17)
µφ = φµb + (1− φ)µr (7.18)
7.1.2 Scaling and nondimensionalization
The dynamics of a free falling droplet can be characterized by a variety of dimen-
sionless parameters, which are obtained by nondimensionalizing the governing
equations. In order to nondimensionalize the NS equations, the introduction of the
characteristic parameters of the flow are required. Then, nondimensionalization
is carried out by dividing the original variables with the characteristic parameters
(scale). After rearranging them in terms of the dimensional variables we get:
~u = us~u∗ ~x = Ls~x∗ t = tst∗ σ = σrbσ∗







where the length scale Ls = 2R, the time scale ts = Ls/us and the velocity scale is
us =
√
gLs. Theasteriskmarks indicate thedimensionlessquantities. Consequently,
after dropping the asterisk marks from all non-dimensional variables for notational
convenience and substituting them into Equation 7.7 and Equation 7.8 yield:









µ~∇2~u+ ρ~g + 1
Eo
σκ~n (7.21)
whereRe = (ρru2sLs)/µr andEo = (gL2s|ρb− ρr|)/σrb denote the Reynolds number
and the Eötvös number, respectively. The dimensionless density and viscosity can
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be written as:
ρ = φ+ (1− φ)ρR (7.22)
µ = φ+ (1− φ)µR (7.23)
where ρR is the density ratio (ρr/ρb) and µR is the viscosity ratio (µr/µb).
7.2 Numerical Method
TheLatticeBoltzmannMethod (LBM) is a relatively new technique that has attracted
researchers in computational fluid dynamics (CFD). Compared to the classical CFD
method such as finite difference method (FDM), finite element method (FEM)
and finite volumemethod (FVM), LBM does not solve NS equations directly. The
underlying governing equation that made up the LBM foundation is the discrete
velocity Boltzmannequation. TheNSequations canbederivedbyChapman-Enskog
or multiscale expansion of the discrete velocity Boltzmann equation. At the limit
of low Mach number (Ma), the pseudo-compressible Navier-Stokes equation is
recovered (Brenner et al., 2003).
Therefore, LBM is considered as solving the pseudo-compressible NS equation. This
approach simplifies the calculation of the pressure field in the case of isothermal
flows, where the state equation p = ρ(cs)2 can be directly applied to calculate the
pressure field at the order of O(Ma2). The implementation of LBM is also much
simpler than the traditional solver because it avoids the calculation of derivatives
present in the NS equations (Huang et al., 2015; Kruger et al., 2017).
7.2.1 Description of the Lattice BoltzmannMethod
The Boltzmann equation (LBE) describes the behaviour of microscopic particles
using the distribution function f(x, ξ, t), where x is the position vector, ξ is the
microscopic velocity and t is time. This function represents the density of particles
with velocity ξ at position x and time t. At the macroscopic level, the Boltzmann
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equation describing the dynamics of a system of identical particles is given by:
∂f
∂t
+ ~ξ · ~∇~xf + ~Fe · ~∇~ξf = Ω(f) (7.24)
where ~Fe is an external force per unit mass acting on the particle and ω(f) on the
right hand side is the source term known as collision operator which represents the
local redistribution of f due to binary collisions between particles. LBE is obtained
by discretising the Boltzmann equation in physical space, time and velocity space:
fi(~x+ ~ci∆t, t+ ∆t) = fi(~x, t) + Ωi(~x, t) (7.25)
While there aremany collision operators available, the simplest one that can be used
to model NS equations effectively is the Bhatnagar-Gross-Krook (BGK) operator:
Ωi(f) = −
(fi − f (eq)i )
τ
(7.26)
It relaxes the distribution function at a rate of τ (relative relaxation time between
particles collisions) towards a state of equilibrium, which related to the kinematic






where cs = 1/
√
3 is the speed of sound. The lattice Boltzmann equation with BGK
approximation, which is known as lattice BGK (LBGK) equation is obtained by in-
serting the BGK collision operator, Equation 7.26 into the first-order approximation
of the collision operator integral in Equation 7.25:
fi(~x+ ~ci∆t, t+ ∆t)− fi(~x, t) = −ω
(
fi(~x, t)− f eqi (~x, t)
)
(7.28)
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where fi(~x, t) is density distribution function related to the discrete velocity direc-
tion i and f eqi (~x, t) is the equilibrium distribution function given by:
f eqi (~x, t) = ρWi
(
1 + ~ci · ~ui
c2s








where ρ and ~u are themacroscopic level of density and velocity, respectively. ~ci is the
discrete velocity andWi is the corresponding set of weighting coefficients, which
will form velocity sets ~ci,Wi. These discrete velocity models are usually specified by
its number d of space dimensions and the number q of discrete velocities using the
notationDdQq. Themost common is theD2Q9 (9 discrete velocities in 2D) as shown
in Figure 3. With θi = π4 (4− i), the velocity vectors ci and the weighting coefficients
Figure 7.3: D2Q9 Discrete velocity model.
Wi for D2Q9models are given in Equation 7.30 and 7.31, respectively. The velocity
components and weights are also summarised explicitly in Table 7.1. Here the time
step∆t and the lattice spacing∆x are connected by the lattice speed expression,
c = ∆x/∆t. In order to simplify the subsequent steps, we nondimensionalise the
lattice by fixing c = ∆x = ∆t = 1.
~ci = [cix, ciy] =

[0, 0], i = 1
[sin(θi), cos(θi)] c, i = 2, 4, 6, 8
[sin(θi), cos(θi)]
√
2c, i = 3, 5, 7, 9
(7.30)




4/9, i = 1
1/9, i = 2, 4, 6, 8
1/36, i = 3, 5, 7, 9
(7.31)
The physical variables density and velocity in Equation 7.29 can be calculated by:
Table 7.1: Explicit form of the D2Q9 velocities model.
i 1 2 3 4 5 6 7 8 9
Wi 4/9 1/9 1/36 1/9 1/36 1/9 1/36 1/9 1/36
cix 0 0 +1 +1 +1 0 -1 -1 -1






















7.2.2 Immiscible two-phase LBmodel
The current study adopted two-phase LBM developed by Reis & Phillips (2007)
which based on Rothman–Keller (RK) model (Rothman & Keller, 1988) coupled
with improvements made by Leclaire et. al Leclaire et al. (2011, 2012, 2013, 2014);
Rastiello et al. (2015) for the recolouring operator, the isotropic colour gradient,
the enhanced equilibrium distribution functions, the multiple-relaxation-time
(MRT) collision operator and the modelling of static contact angle. The model
is simplified and described here for the two-phase case using D2Q9 velocity sets.
The distribution functions for each colour of fluid k (e.g. k = r for red and k = b for
blue) are denoted byNki (~x, t). The colour-blind distribution function is represented
byNi(~x, t) = N ri (~x, t) +N bi (~x, t). Equation 7.25 is now evolved for the algorithm as
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follows:





where the symbols |·〉 and 〈·| represent respectively the bra and ket Dirac notation of
an expansion with respect to the lattice connectivity space. The collision operator






Equation 7.34 is solved in four stepswith theoriginal operators divided and rewritten
as follows:
1. Single-phase collision operator:




2. Multiphase collision operator (perturbation):




3. Multiphase collision operator (recoloring):





Nki (~x+ ~ci∆t, t+ ∆t) = Nki (~x, t∗∗∗)
Single-phase collision operator
This is the MRT operator of the single-phase LB model, which relaxed the moments
towards a local equilibrium as below:





whereK andM are the diagonal matrix of relaxation coefficients and thematrix that
moves the domain to a moment space from a distribution space, respectively.
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Perturbation operator
The surface tension in the RK model is modelled by utilizing the perturbation
operator Leclaire et al. (2011); Gunstensen et al. (1991); Halliday et al. (1998). In
order to specify the surface tension into thismodel, an approximation of the normal
to the interface is defined by a “colour” gradient ~F . The colour gradient for two-







Hence, the perturbation of the fluid k is given by:









−4/27, i = 1
2/27, i = 2, 4, 6, 8
5/108, i = 3, 5, 7, 9
(7.39)
where the constantA is a parameter chosen to model the intensity of the surface
tension between the two fluids. Even though this operator produces the surface
tension, it cannot assure the fluid’s immiscibility. Therefore, the recolouring
operator needs to be chosen properly to reduce mixing and isolate the fluids.
Recolouring operator
This operator is employed to enhance the quantity of fluid k at the interface which is
transported to the fluid k region and at the same time must remain consistent with
the laws of conservation of mass and total momentum. The recolouring operator in
the present investigation is based on Leclaire et al. (2012); Latva-Kokko & Rothman
154 7.3 Initial boundary condition
(2005) as given below:











i (ρk,~0, αk) (7.40)











i (ρk,~0, αk) (7.41)
The value of the free parameter αk must be≤ 1 to avoid negative pressures and β
is a parameter handling the interface thickness and the angle between the colour
gradient ~F and the lattice velocity ~ci is given by φi.
Boundary conditions for static contact angles
The boundary conditions is applied by imposing the preferred value of the con-
tact angle at the boundary as a Dirichlet boundary condition and distribute this
information within the flow field as proposed by Leclaire et al. (2016). A prediction
of the gradient ~F and∇ρ = ∇ρr + ρb is made near the solid boundary as a con-
sequence. Correction is applied to be able to accommodate the desired contact
angle. The numerical evaluation of the predicted gradients employed a fourth-order
isotropic discretization for all lattice sites for both solid and liquid regions Leclaire
et al. (2013).
7.3 Initial boundary condition
The initial configuration consists of a rectangular domain box of width W and
heightH in dimensionless unit as depicted in Figure 1. The origin of the domain
box is located at the bottom left corner and the standard xy-axis is utilized. The
no-slip boundary condition is imposed at the top and bottom boundaries, whereas
the periodic boundary condition (equivalent to free-slip boundary condition for
symmetrical test case) is applied on the vertical walls. As the present investigation
doesnot involve complicated shape, periodic boundary conditionwas implemented
due to its simplicity. The domain width containedNx amount of lattice sites and
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Ny amount of lattice sites for the domain height. The computational domain is
discretized by the spacing step∆x = W/Nx and the time domain is discretized by
the time step ∆t = ∆x2. The standard full-way bounce back boundary condition is
implemented on the first bottom and last top lines of the sites. Hence, the no-slip
wall is located at y = 0 and y = H . However, the bottom and top lines of the sites
are located at y = −∆x/2 and y = H + ∆x/2.
A dense blue droplet with initial aspect ratio ofE = dv/dh is centred dh below the
top boundary of the domain containing with a light red fluid. Here dh = Ls, and dv
are the diameter of the droplet along the initial minor (perpendicular to the falling
direction) and major axes (parallel to the falling direction), respectively. In order
to minimize the boundary effect, a sufficiently small droplet which compares to
the domain width is considered. As in the experimental work described in Chapter
5, the same physical properties for the surrounding fluid (water) and the droplet
(liquid gallium) defined in the test case are applied and these are summarised in
Table 7.2.
Table 7.2: Physical properties of the applied fluid (water and gallium) in the simulation.
Temp Density [ kg/m3] Viscosity [mPa · s] IFT
Case
[ ◦C] Water Gallium Water Gallium [N/m]
1 30 995.7 6084 0.798 139.0 698.4
2 70 977.8 6058 0.404 134.0 697.2
3 90 965.3 6045 0.315 131.6 696.7
7.4 Validation
Several assessmentshavebeencarriedout to investigate the capabilities andvalidate
the color-gradient-based lattice Boltzmann model utilized in the present study
Leclaire et al. (2016). Here, we present the validation cases associated with the
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two-dimensional bubble and droplet dynamics. For validation purpose, the initial
configuration is set to be the same with the work of Hysing et al. (2009) which
simulates a circular bubble of diameter d0 = 0.5 rising in a quiescent liquid. The
bubble is centred at position (0.5, 0.5) in the bottom half of a 1 × 2 rectangular
domain. Other boundary condition are the same as in Section 7.3. The validation
test case is specified by the physical parameters and dimensionless number as listed
in Table 7.3.
Table 7.3: Physical parameters and dimensionless numbers defining the validation test
case.
ρr ρb µr µb g σrb Re Eo ρR µR
1000 100 10 1 0.98 24.5 35 10 10 10





Figure 7.4: Effect of grid refinement on the shape of the bubble at t = 3. The green,
blue, black and red lines represent the G1, G2, G3 and G4 grid size, respectively.
First, the numerical method accuracy is evaluated by simulating the validation test
case on different grid sizes. This is tomake sure that the simulation converges to the
same solution independent of the grid size used. Four different grid sizes (G1, G2,
G3 and G4) with cell sizes h = 1/[40, 80, 160, 320] are used in the simulation, which
correspond to a ∆x of 0.025, 0.0125, 0.006 25 and 0.003 125 respectively. The effect
of the grid size on the bubble shapes at t∗ = 3 are shown in Figure 7.4. Although
the overall shapes are in the same ellipsoid regime, the major axis of the interface
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contour is increased with grid resolution. However, the grid refinement from G3 to
G4 yields bubble shapes with no significant different between them. Thus, the G3
grid is suitable to produce data that describe the physical phenomena accurately.
7.4.2 Comparison with Hysing et al. (2009)
The performance of the computational scheme used in the present study on two-
phase flows in isothermal system is evaluated by using the work of Hysing et al.
(2009) as a guide. The aim is to undertake a qualitative and quantitative comparison
of our results with other incompressible-multiphase Navier-Stokes solvers from
three different groups participated in their study. The method used by those groups
and their affiliation are given in Table 7.4.
Table 7.4: Participating groups in Hysing et al. (2009), their affiliation, their methods
and the finest grid resolution used in their simulation.
Group & affiliation Code (method)
S. Turek, D. Kuzmin, S. Hysing TP2D
TU Dortmund, Inst. of Applied Math (FEM-Level Set)
E. Burman, N. Parolini FreeLIFE
EPFL Lausanne, Inst. of Analysis and Sci. Comp. (FEM-Level Set)
L. Tobiska, S. Ganesan MooNMD
Uni. Magdeburg, Inst. of Analysis and Num. Math. (FEM-ALE)
In Figure 7.5 the finest grid bubble shape at the final time (t = 3) from the present
study is compared with the solution from the computation on the finest grid
resolution by the three finite element method (FEM) groups. It is apparent that all
the codes produced a very identical bubblewhich endsup in an elliptical shape. This
visual comparison of the bubble shapes alone is not sufficient and our simulation is
further validated quantitatively by extracting different variables from the simulation,
namely the vertical velocity Vc and position yc of the bubble’s centre of mass. For a
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particle method like LBM, the instantaneous velocity and position of the bubble















Moreover, the bubble’s degree of circularity defined by the ratio between the















Figure 7.5: The bubble shapes computed using the finest grid at t = 3 for (a) Present
study, (b) TP2D, (c) FreeLIFE and (d) MooNMD.
where Pbubble is given by the perimeter of the color field Ψ = (ρr − ρb)/(ρr + ρb)
curve contourΨ ≡ 0 andA is the domain area that is bounded by the curve contour
Ψ ≡ 0.
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Table 7.5: Comparison of the variables extracted from the simulation of different code.
Group Present TP2D FreeLIFE MooNMD RSD
¢min 0.9016 0.9013 0.9011 0.9013 0.02%
t|¢=¢min 1.9019 1.9041 1.8750 1.9000 0.72%
Vc,max 0.2429 0.2417 0.2421 0.2417 0.23%
t|Vc=Vc,max 0.9117 0.9213 0.9313 0.9239 0.88%
yc(t = 3) 1.0850 1.0813 1.0799 1.0817 0.20%
In order to carry-out a comparison, the minimal circularity ¢min obtained in the
simulation, the time at which minimal circularity is achieved t|¢=¢min , the maximal
velocity of the bubble’s centre of mass Vc,max, the time at which maximal velocity
is achieved t|Vc=Vc,max , and the bubble’s centre of mass final position yc(t = 3) are
tabulated in Table 7.5. It can be seen that all the simulation results agree excellently
with a relative standard deviation (RSD) of less than 1 % for each variable. Thus, it
is evident that the computational code utilised in the present study is suitable to
correctly simulate the rising or falling of bubble or droplet in another fluid.
7.5 Results
A series of two-dimensional free-falling droplet simulation was performed and
the results were compared with the experimental study as presented in Chapter 5.
Simulations are carried out using G3 grid with a uniform nondimensional mesh
size of h = 1/160 in both x and y directions. In order to avoid wall effect in
numerical simulations of falling droplets in a bounded domain, the width of the
numerical domain should be 4d0 (Hua & Lou, 2007; Amaya-Bower & Lee, 2010),
which is adopted in this study. In the case of free-falling non-spherical droplet, the
horizontal diameter dh should be 4 times smaller than the width of the numerical
domain. The height of the numerical domain is 16d0 (or 16dh for a droplet that is
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not perfectly spherical shape), which is high enough for the droplet considered in
the present investigation to reach terminal velocity before approaching the bottom
of the domain. In the simulation, both continuous liquid and droplet are assumed
initially quiescent. The physical properties of both phases (water and liquid gallium)
were the same as those in experiments in Chapter 5 and the boundary conditions
were as mentioned in Section 7.3. The droplet is initially spherical with an aspect
ratio of 1.1. This aspect ratio is chosen based on the experimental observation in
Chapter 5, which is at the limit of the spherical shape before the droplet can be
considered as a prolate-spheroid (E > 1.1).
7.5.1 Droplet shape & velocity
The liquid gallium droplet starts falling in the quiescent water due to the gravi-
tational force and the density different between liquid gallium and water. The
predicted droplet shape evolution history as a function of dimensionless time t∗ are
shown in Figure 7.6 for two different droplet sizes (d∗h = 0.25 and 0.50) under the
conditions ofMo = 6.0× 10−6 and λ = 174 (the corresponding fluid properties are
given in Table 7.2), which are labelled as case 1A and 1B, respectively. The width
and height of the computational domain for case 1B are doubled for those in the
case 1A to accommodate a larger droplet. In both figures, the droplet’s position in
the domain is presented at time interval of∆t∗ = 0.5. It can be observed that under
such conditions, the terminal droplets shapes are different even though the initial
droplets shapes are similar.
Figure 7.6a shows that the slightly deformed droplet quickly becomes perfectly
spherical due to the dominating surface tension force. On the other hand, as
the large droplet in Figure 7.6b falls, it is deformed to oblate-ellipsoid due to the
dominating liquid inertia force. The time evolution of the droplet centre of mass
for both cases are plotted in Figure 7.7. The centre of mass of the droplet can
be described as a linear function of time after t∗ = 4.0 and 6.0 for case 1A and




























Figure7.6: The droplet shape evolution history under the condition ofMo = 6.0×10−6
and λ = 174 for: (a) Case 1A and (b) Case 1B.
1B, respectively. The droplets are assumed to attain steady state and thus the
simulations were stopped at t∗ = 0.5 after those points. The time histories of
the normalised falling velocity are displayed in Figure 7.8a and 7.8b for the small
(Case 1A) and large (Case 1B) droplets. Starting from rest, the velocity of the droplets
increase and then reach terminal velocity when the transient effects vanish. The
experimental curves are also plotted together in each figure as a comparison. The
experimental curves are taken from Chapter 5, which obtained from two cameras,
Cam 1 with a focused lens and Cam 2 with a wide lens. The early transient state is
compared with the results from Cam 1 (red square symbols), while approaching the
terminal state towards the end of the simulations is compared with results from
Cam 2 (blue triangle symbols).
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Figure 7.7: The comparison of droplet centre of mass temporal evolution under the
condition of Mo = 6.0× 10−6 and λ = 174.
For the small droplet in Figure 7.8a, a good agreement between the predicted and
the measured falling velocity is observed at the early stage of the transient state and
in the terminal state as well. However, a significant shift appears within the range
1.5 < t∗ < 2.0, where the simulationunderestimates the velocity. The falling velocity
predicted by the simulation for a large droplet in Figure 7.8b behaves similarly, but
with a larger different between simulation and experimental results within the same
time range. The inset in Figure 7.8b shows the velocity of the early motion stage,
where the experimental curve experience velocity oscillation. It can be seen that
the simulation could not predict the velocity oscillation, but it is worth noting that
the prediction velocity lies on the mean of the experimental velocity oscillation.
However, as the droplet falls deeper, the predicted velocity estimates the lower value
of the velocity oscillation before significantly departures from the experimental
curve.
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Figure 7.8: The droplet velocity temporal evolution under the condition of Mo =
6.0 × 10−6 and λ = 174 and comparisons with experimental results (experimental
results are from Chapter 5) for: (a) Case 1A and (b) Case 1B.
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7.5.2 Velocity and pressure fields
To elucidate the shape evolution mechanism of a falling droplet in viscous liquid,
the time history of droplet velocity field and pressure field are shown in Figure 7.9
and 7.10 for case 1A and 1B, respectively. Also shown in both figures are the droplet
instantaneous shapes. The contour plots of dimensionless flow velocity distribution
are depicted in ten levels from 0.1 to 1.5, and the contour plots of dimensionless
pressurefield also in ten levels from−1× 103 to 7× 103. When thedroplet ismerged
Figure 7.9: The temporal evolution of droplet velocity field (upper) and pressure field
(lower) for case 1A.
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in the liquid, the droplet starts to descend due to the gravitational force and the
density difference between the droplet and the liquid. The droplet will accelerate
until the drag force equals the net gravitational force. This initiates the fluid flow
in the liquid in the vicinity of the droplet (see t∗ = 1.0 in Figure 7.9 and 7.10). As a
result, a high pressure gradient is developed at the top surface of the droplet. From
a slightly deformed shape (almost prolate-ellipsoid), the droplet quickly regains its
spherical shape due to the effects of surface tension. As the droplet falls further, the
lower surface of the droplet is subject to a relatively steady flow resistance due to

































Figure 7.10: The temporal evolution of droplet velocity field (upper) and pressure
field (lower) for case 1B.
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pressure region at the top of the droplet pushes its top surface downward. These two
forces compress the droplet in the vertical direction and consequently the droplet
is deformed to an oblate-ellipsoid shape (see t∗ = 2.0 in Figure 7.10). For the small
droplet in case 1A, the surface tension which tends to keep the droplet in a spherical
shape is relatively strong and prevents the droplet from deforming (see t∗ = 2.0 in
Figure 7.9). The falling motion of the droplets are accompanied by a pair of vortices
in the wake region which expand in the vertical direction with time (see t∗ ≥ 2.0 in
Figure 7.9 and 7.10). It also can be seen that the droplets attain their terminal shape
(at about t∗ = 2.0 and 4.0 for case 1A and 1B, respectively) while the droplet still
accelerating, as can be ascertained upon inspection of Figure 7.8. It is worth noting
the high pressure region below the droplet observed at t∗ = 4.0 and 5.0 in Figure
7.9 and Figure 7.10, respectively. This is suspected to be a numerical artifact due to
the pressure boundary condition on the surface of the droplet which is associated
with the implementation of forth-order isotropic discretization on the lattice sites.
In general, the pressure boundary condition should also satisfy mass conservation.
However, numerical implementation of mass-preserving boundary condition is
muchmore involved and outside the scope of this work.
7.5.3 Effect of viscosity ratio
Table 7.6: Dimensionless parameters defining the test case.
Case Mo λ ρR
1 6.0× 10−2 174 6.1
2 4.0× 10−3 332 6.2
3 1.7× 10−3 418 6.3
Further investigation was done to study the effect of temperature on the falling
behaviour of liquid gallium droplet in water. The result is discussed in terms of
viscosity ratio which is varied by changing the temperature of both liquids (water
and liquid gallium) according to the experimental works in Chapter 5. The material
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properties of both materials at different temperatures are summarised in Table 7.2
and the corresponding dimensionless parameters are given in Table 7.6. The present
investigation only simulated the lowest (30 ◦C) and the highest (70 ◦C) temperatures
in the experiments. Furthermore, the temperature of the liquids are increased near
the boiling point of water (90 ◦C) in the simulation producing a viscosity ratio of


















Figure 7.11: The comparison of the predicted terminal droplet shape with the
experimental observation for small droplet at different viscosity ratio: (a) and (a’)
λ = 174 (Case 1A), (b) and (b’) λ = 332 (Case 2A) and (c) λ = 418 (Case 3A).
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represent the small and large droplets, respectively.
Figure 7.11a-c show the predicted droplet shapes at time t∗ = 4.5 for case 1A, 2A
and 3A corresponding to viscosity ratio of 174, 332 and 418, respectively. It can be
seen that the shapes of the droplets in Figure 7.11a and b are in good agreement


















Figure 7.12: The comparison of the predicted terminal droplet shape with experiment
observation for large droplet at different viscosity ratio: (a) and (a’) λ = 174 (Case
1B), (b) and (b’) λ = 332 (Case 2B) and (c) λ = 418 (Case 3B).
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in Figure 7.11a’ and b’, and clearly show that viscosity ratio has little effect on the
terminal shape of falling droplet for small droplets. It is also noticed that droplets
with higher viscosity ratio seem to descent slightly farther inside the domain. This
could be attributed to the effects of density ratio which affects the net gravitational
force acting on the droplet.
The variation of viscosity ratio for case 1B, 2B and 3B (large droplets) shows similar
effects on the droplet shape and position inside the computational domain as
depicted in Figure 7.12a-c. Once again, it can be observed that the simulation
predicts the shape of the droplet very well and the high viscosity ratio droplet
travelled deeper in the domain compared to the lower viscosity ratio droplet. It is
also noted that increasing the viscosity ratio up to 418 do not affect the terminal
shape of the large droplet.












Figure 7.13: The variation of predicted terminal droplet velocity with viscosity ratio.
Figure 7.13 depicts the variation of the predicted droplet terminal velocity with
viscosity ratio for small and large droplets. It can be observed that the terminal
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velocity of the droplet increases linearly with viscosity ratio. However, the variation
of droplet falling terminal velocity respectively for small and large droplets are
merely 3.9 % and 2.5 %when viscosity ratio changes from 174 to 418. It is obvious
that droplet terminal velocity is strongly related to the droplet size. It can be
observed that the dimensionless terminal velocity values predicted by the numerical
model are in good agreement with the experimental results for the small droplets.
However, the terminal velocity for the large droplets are not well predicted with the
maximum discrepancy between experimental and numerical results of 13 %. This
discrepancy may be related to the significant shape oscillations experienced by the
large droplets in experiments which can not be captured in the simulation.
7.5.4 Conclusion
A colour-gradient-based lattice Boltzmannmodel (Leclaire et al., 2016) has been
used to simulate two-dimensional single droplet motion in an immiscible liquid.
The model was validated by comparing the results for a single rising bubble test
case with three standard finite element methods (Hysing et al., 2009). It was found
that the numerical method used in the present study is able to produce a conclusive
quantitative results when compared with the published results.
The method was adapted to simulate a free-falling liquid gallium droplet in qui-
escent water. The initial droplet shape in the simulation was spherical in shape
with aspect ratio of 1.1, which is at the limit of the spherical shape (almost prolate-
spheroid). The evolution of droplet shapes and velocity are studied for two different
droplet size. The droplet deformation mechanism was investigated by examining
the instantaneous velocity and pressure fields during the fall. In addition, the effect
of temperature on the falling behaviour was investigated in term of viscosity ratio.
The comparison of the droplet velocity evolution and terminal shape obtained from
simulations with experimental results from Chapter 5 shows good agreement. Fur-
thermore, a temperature beyond the temperature used in the experimental works
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was used to extend the viscosity ratio range. Similar to our experimental conclu-
sion, viscosity ratio are found to have no significant effect on the droplet shape and








Conclusion & Future Works
T
HE primary aim of this research is to explore the drag reduction by re-
taining a gas layer around a body. Considering the practicality and
theoretical factors, free-falling particle along the centre-line of a column
containing a viscous fluid experiment was chosen to achieve the intended aim.
Hence, an experimental setup was designed and constructed in order to capture
the motion of free-falling particle in quiescent viscous liquid. The setup comprises
a square cross section, straight-walled columnmade of clear Perspex. The tempera-
ture controlled columndimensionswere selected such that the falling particle could
reach terminal velocity with negligible wall effects and end effects. The motion of
the falling particle was recorded by a high speed camera which is mounted on verti-
cal and horizontal sliders for flexibility in positioning the camera. Additional vision
systemwith a focus lens is also included in the experiments involving liquid particle.
The experimental setup was constructed to allow easy interchange between solid
sphere release mechanisms and droplet dispensing system. Other components of
the experimental setup are detailed in Chapter 3. The experimental investigation
was divided into two categories namely free-falling solid sphere and free-falling
liquid droplet. Moreover, numerical simulations are also utilised to fully resolve the
flow field around the falling particle.
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In this chapter, the key findings of the present study are presented and the ideas
for future work are recommended to improve the methodology and techniques
employed in the present investigation.
8.1 Free-falling solid sphere experiment
This experiment was used to characterize the drag of free-falling solid sphere in
water. Preliminary experiments were conducted using various sizes of stainless
steel spheres to test the reliability of the experimental setup. The drag coefficient
obtained from experimental data agrees well with the standard drag curve values at
similar Reynolds number.
Next, the surface of the spheres were modified as a passive approach to reduce drag
coefficient. Two surface treatment techniques were used; FDTS coating and wet-
etching process. The wettability of themodified surfaces weremeasured by a sessile
drop method. In comparison to the unmodified spheres, the WCA of the FDTS
coated spheres are significantly increased, while no significant differences were
observed for the etched spheres. Similarly, in the free-falling experiments, the drag
coefficient of the etched spheres are almost identical with the unmodified spheres.
However, the drag coefficient for FDTS coated sphere is surprisingly increased. In
an attempt to produce a thicker plastron layer, the spheres were coated with dry
ice. This method is able to produce a substantial gas-layer surrounding the spheres,
which evolved into a streamlined cavity. However, due to the difficulties in the
coating process, this method was abandoned.
8.2 Free-falling liquid droplet experiment
Gallium has been chosen as the liquid material in this experiment category due
to the unique combination of physical and chemical properties. This experiment
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category is divided into two subcategories; free-falling liquid gallium in water and
free-falling liquid gallium in FC-72.
8.2.1 Free-falling liquid gallium in water
Firstly, the characteristic of shape deformation and velocity of various size droplets
were investigatedbothduring transient and steady-state of its fallingmotion inwater.
The experiments were conducted under isothermal condition with the temperature
of both liquid gallium and water were held at a temperature ranging from 30 ◦C to
70 ◦C. The temperature increment changes the phases properties which affect the
dimensionless numbers (i.e viscosity ratio) concern in the current investigation.
The initial shape of the droplets after detachment were found to be spherical in
shape with aspect ratio near the limit of a sphere (almost prolate-spheroid) at all
viscosity ratios, except for the smallest droplet with low viscosity ratio which is
almost perfectly spherical in shape (aspect ratio almost equal to 1). In transient
state, thedroplets shapewereoscillatingbetweenprolate andoblate-spheroid shape
towards a terminal shape of oblate-spheroid, except for the smallest droplet which
remains spherical without significant oscillations. The amplitude of the aspect
ratio oscillations are found to increase with viscosity ratio. The trajectories of the
droplet are found to be rectilinear in all cases. It is found that the shape oscillations
induced the falling velocity to oscillate at a frequency of double the frequency of the
aspect ratio. Moreover, increasing viscosity ratio enhanced the oscillation amplitude.
However, the oscillations frequency is not sensitive to viscosity ratio. In conclusion,
the variation in liquids properties caused by increasing the liquids temperature
have significant influence on the falling behaviour of liquid gallium droplet in the
transient state.
Consequently, the effect of three independent non-dimensional parameters, namely
viscosity ratio, Weber number and Reynolds number on the dynamic droplet shape
in steady state conditions, which has a direct influence on drag coefficient, were
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examined. It is found that for 2 < WeT < 4.5 the shape of droplets tend to deform
into an oblate-spheroid. The oblatness was found to increase in extent with the
Weber number. The droplet shape and deformation at terminal conditions are
strongly dependent on the interfacial surface tension and inertial force, in contrast
to pressure distribution and viscosity ratio, which have a negligible effect.
8.2.2 Free-falling liquid gallium in FC-72
Next, the continuous phase in the columnwas changed fromwater to FC-72 to study
the drag reduction on liquid gallium droplets by Leidenfrost effect. The temperature
of liquid gallium was varied from 30 ◦C to 170 ◦C, while the temperature of FC-72
was held near its boiling point (50 ◦C) for all cases. Unlike in water, the shape of
liquid gallium droplet in FC-72 is found to be in teardrop-shape. This deformation
is unexpected for a droplet with low Eötvös number which indicates the dominance
of surface tension. The first manifestation of Leidenfrost effect was noticed at
droplet temperature of 90 ◦C and a fully-developed stable regime at 130 ◦C. Higher
droplet temperature escalated the film boiling which consequently forms a cavity of
vapour. Apparently, the cavity formation was developed towards a streamline shape
before the droplet changed its downward motion orientation and consequently
ruptures the vapour cavity. The maximum velocity (before the droplet change its
falling orientation) achieved by the droplet is increases with an increase in droplet
temperature. Comparing the droplet with the lowest temperature and the highest
temperature considered in the present investigation, a decrease of 57 % in drag
reduction is observed.
8.3 Numerical simulation
A colour-gradient-based lattice Boltzmann model has been used to fully resolve
the flow field around a moving liquid particle in an immiscible liquid. The two-
dimensional code used in the present study produced conclusive quantitative
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results when compared with published data obtained by standard finite element
methods coupled with interface tracking algorithm. The method was then adapted
to simulate the free-falling liquid gallium in quiescent water. The simulations for
the different experimental cases are performed with the corresponding material
properties and initial conditions as in the experimental work. However, the droplet
is not dispersed into the domain as in the experiments, but rather initiated as a
quiescent droplet at the top of the domain. Apart from the velocity oscillation at
the beginning of the fall, the results for small and large droplets show qualitative
agreement with the experimental results in Chapter 5 in terms of velocity evolution
and terminal shape of the droplets. The velocity field and pressure field predicted
by the simulation elucidate the droplet deformation dynamics. Furthermore, the
liquid gallium and water temperature in the simulation were increased beyond the
temperature in the experiment up to 90 ◦C. Nevertheless, similar to the experimental
finding, the temperature of both liquids are found to have no significant effect on
the droplet shape and velocity in the simulation.
8.4 Recommendations for future work
Considering the limitations of the experimental setup and the numerical method
employed in the present research, the following are the suggestions for future
work which could provide more information to deepen the understanding of the
underlying physics of the phenomena observed in the present study.
• To improve the optical system for a better image resolution in order to be able
to measure the thickness of the plastron layer around the falling particle. This
could be achieved by either using a better camera and lens combination or
using motorized camera stage or slider that could be integrated with motion
sensor to follow the motion of the falling particle.
• The falling particle might involve 3-dimensional motion and deformation.
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However, with the optical system used in the present investigation, the
motion and deformation of the particle could be analysed only within two-
dimensional context. Therefore, optical system with stereo vision should
be developed to obtain 3-dimensional quantitative information about the
deformation as well as the position and orientation of the particle. Example
of potential solutions is to employ second camera positioned diagonally with
respect to the first camera or by carefully arrangedmirrors to reflect the image
of the particle at different angle of view.
• A definitely challenging, but interesting recommendation is the implementa-
tion of flow visualisation imaging system such as shadowgraph or Schlieren
photography to acquire the details of flow structure around the falling par-
ticle. This could provide better insight and understanding of the effect of
the hydrodynamic interactions on the motion and deformation of the falling
particle.
• Thepresentednumerical simulation initiate aquiescentdroplet in thedomain,
while in the experiment, the droplet is dispersed into the column. This
could be the reason why the velocity oscillation at the beginning of transient
state could not be predicted. Thus, the simulation must include the droplet
formation and departure process in order to have a better prediction of the
falling behaviour of a free-falling droplet as in the present experimental works.
• The implementation of adaptive mesh refinement (AMR) should be consid-
ered to improve the accuracy on capturing the interactions between different
phases at the interfaces while avoiding large computational cost.
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